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CHAPTER XVII. 



EXAMPLES OF CONTINDOUS-CUIIKENT DYNAMOS. 

CoNTDnjous-cuRRENT dyuamos are made in difEereut paV 
tenia for different kinds of service, and differ not only in 
size, but in the voltage at which they are designed to operate. 
The chief varieties are enumerated below : — 

For incandtacent lightinij and gtntral distributi&n at coti- 
ttaiU pressure. Usually at 100 to 110 volts. Occasionally 
for isolated plants at 50 or 60 volts. Occasionally at 120 or 
125 volts. 

Ditto for three-wire distribution, 200 to 250 volts. 

Ditto for five^'ire distribution, 400 to 500 volts. 

All the above are usually shuntrwound for station uae, or 
compound wound for isolated plants. 

For tramway generators 400 to 500 volts, usually shunt- 
wound, or compound-wound, or over-compounded. 

For aro-lii/htntHg in serieSf usually series-wouniti to operate 
at 10 amperes, voltage varying Hpto;2000br3i)tK) volts. 

For acff«7M«/a(o?'-eAargi'»j<?j«_jbuu'ti'ftnbund. wifli' magnets not 
too highly magnetized. ■'.... :"■>'. 

For electroplating, electrotgpiA^,,}atd' -elecixo^Jiemical pro- 
eeates, usually shuntrWOund, at ■JilW;*,vc^)*g«,8>!l)Ut to cany 
very large currents. ;-•-'•'* 

For long-distance transmission of power, usually series- 
wound at 1000 to 2000 volts, or more, though for this pur- 
pose alternate-current machiuea are preferable. 

In the present chapter no attempt is made to describe or 
enumerate all the modern machines in the market. A few 
leading varieties only are mentioned, many excellent machines 

Vnt-rate tirms being necessarily omitted for want of space. 

If former editions of this book many forms have been de- 

Kribed that are now omitted. In the French edition of this 
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Blaable bu]^^ 



work the transUtor, >t. BoisteU luu added a 'valaable i 
pleinent describing the curreiil types made in France. 

Gramne D^iamo*. — loiiumer&ble fomis have been given to 
the Oramme niacbine at different dates since it£ appearance 
in 1S71. varying front small laboratory maclunes nitb pei^ 
manent steel magnets, such oa are &hown in Fig. 7, p. 14> to 




FlO. ■yr!,'--f:R.viidtE:DYy;«io. "A"Patter». 
large machines al»6rliu^9ev.«ijfliiriiidred horse-power. Those 
who desire n^s^.^dCaiuiLiliniTnatJon coiicemiag the various 
pAttems of Gcai^oiA'dynaitRisltould consult the earlier editions 
of this work, in wlifch "a" Jjipiiber of fomis ' were described. 
> Amongsl tbese are the improreii fonns dcsigaed by H. M*rocl Deprei, 
ibOK designed by Mr. Hochli&useD. anil thi>«« made by the Fuller Company 
ot »ir York ; Mr. Wood, ot X«w Turk, luu alao p^rfectrd the <lesign In 
man; details. Olher modifications htre be^n made by M. RafTard, by MM. 
Switter Lpinonnler and Co., and by otlier French eti^nem: ot these some 
accoiint is given in /niJtiitfrien. Nof. 5, ISSB. For an account of Grwnme's 
Uttorical exhibit in the Paris Exposllion of lasfi, see 7»rfii-i(ri>it. vii. 283, 
l#e. Consnll also Ihe work entilleil trtulrnrir £lrrtrigiir. by H. Fontaine, 
upon the electric lighllne c( ibe Paris Espwiilon, published in 1S90. A 
new sloT-speed machinp of ninltlpolar t>-pe, dcslgnM by Gramme In 18»2, 
with flat-ring on the Schiickert plan, is described on p. 633 ot Ibe French 
atJUem of this hook translated by M. Boiitel. 
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They should also refer to the treatise of the late Alfred Niaiiflet, I 
entitled Machine* Slectriifaea d ivurants eontiniia, tj/ntemea I 
(Gramme et conyinires (1881). Fig. 272 shows Uie nniinniy 
" A '* Oi-amme, the first pattern which came in to commercial | 
nse, and which, with little ulteration save general gtnjugthen- 
ing of the design, romiuna in use to-day. Its charaeteristio ' 
featnrea are the ring-armatm-e, made of an iron wii-e eoi-e 
entirely overwound with coiU (described p. 41), and Ihe J 
douhle-circuit field-magnet having consequent jioles above 
and below the armature, 

Crompton'a Difnamoa. — Mr. R. E.Crompton, who pioneered j 
nuuiy of the imprnvementA in recent years, has brought tha I 
smooth-core armature iiiachirie to u higli pitch of perfection. 





FlQ. 371!.— CnoMi-roN'a Dynamo (1887). 
P {jrenersl view of tlic C'lompUm dynamo i^ given in 
IR 273, which shows vertical field-magnela with a double 
m^netic circuit. 

lo some of the most recent machines n single magnetic 
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circuit only is employed. In the larger 4-pole machines for 
central stations the magnets have the form of Fig. 101, No. 27, 
whilst dnimrarmatures are used, of the construction shown in 
Fig. 236, p. 308. Another improvement useful in machines for 
furnishing large currents consists in dividing each conductor 
on the external periphery of the armature into two or more 
strips, which are crossed under one another at the middle and 
united together "at their ends. Instead of such imbricated 
strips^ rectangular bars of compressed stranded wires are now 
used in large output machines. This construction greatly 
diminishes the eddy-currents which are set up in the con- 
ductors on the surface of smooth cores if they consist of 
single rods or solid bars. 

A complete account of Mr. Crompton's successive stages 
of improvements ^ would occupy a volume in itself. Besides 
the improvements made in conjunction with Mr. Kapp on 
general design, pp. 291 and 301, and more favoi-able use of 
iron in the armature, a number were made in conjunction with 
Mr. Swinburne on various modes of winding, p. 307, and on 
machines with conductors embedded in tlie core-disks. Then 
Mr. Crompton found that it was needless to insulate core- 
disks from spindle if they were separated from one another 
throughout their surfaces up to the periphery. Next came 
the question of driving-teeth, and the thick driving-disks 
mentioned on p. 296 were abandoned in favor of teeth of 
<lelta-metal or aluminium bronze, fitted into the substance 
of the compressed core. Then came the production of imbri- 
cated and compressed stranded conductors to obviate eddy- 
currents. Lastly, the adoption of multipolar series windings 
for drum-armatures. With large 4-pole machines for central- 
station lighting Messrs. R. E. Crompton & Co. have had 
great success. The construction of some of their large-output 
armatures is indicated in Figs. 235 and 236, on p. 308. 

Kappas Dynamos, — Mr. Gisbert Kapp has designed various 
forms of direct-current dynamos, some * having cylindrical 

' See remarks by Mr. Crompton in Proc, Inst Civil Engineers^ Ixxxiii. 
125^ 1885 ; Journal Soc, Teleg, Engineers, xv. 546, 1886 ; and Journal Inst, 
Elec. Engineers, xlx. 239, 1890, and xx. 308, 1891. 
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ring-armatures, the more recent ones clrum-wound iirmatuies. 
The best construction of 2-pole machine is that depicted in 
Fig. 259, p. 359, being of the " over " type with the armature 
and shaft at the summit of the field-magnet. These machines 
were consti-ueted first by Messi-s. W. H. Allen & Co., later by 
Messrs. Johnson and Phillips. In Plates I., II., and III. are 
given drawings of a 21-unit machine by the latter firm, giving , 
200 amperes at 105 volts at 780 revolutions per minute. The | 
following are the data of this machine (and see p. 357) : — 1 

ArmaUtre. — Core 16" long by 2|"deep, mounted on cast-iron 
spider. Area of iron in core, allowing for insulation between 
core-disks, 625 aq. in. Estemal diameter llA". Conductor 120 
copper bars, each made of two parallel bars, 0208" X O'llO" in 
section, united in parallel, affording 0-0j6 sq. in. sectional area. 
Connectors 120 copper semicircles with lugs; depth IJ"; thickness, 
O-O50". ■Resistance (hot) 0-025 ohm. Commutator 60 parts. 

Field-magnets. Diameter of bore, 11}S". Shunt winding 11 
layers, of 139 turns each, of 0065" diameter round copper wire, 
covered to a diameter of O'OSO", on each limb, and the two limbs 
connected in series. Total shunt turns 3058. Series winding 23 
turns on each limb of copper tape, 0480" wide by 0-030" thick, 
and the two limbs joined in parallel. Resistance of shunt coils 
(hot) 30'8 ohms ; of series winding 0-0079 ohm. 

One peculiarity in this dynamo is the mode of driving the 
conductors of the armature. As shown in the section in 
Plate II,, there are introduced at intervals between the core- 
disks, some tliicker disks having ventilating apertures and 
projectinghorns of steel. Around these steel horns are placed 
pieces of hard white fibre, as driving-horns: and as these 
project in alternate positions, the copper conductoi-s cannot 
be laid straight, but are given a sinuous form. Plate II. also 
shows how the core-disks are clamped together by face-plates 
having ventilating perforations through them, the whole core 
being held up against a collar on the shaft by a screw-nut. 
The figures in Plates I., II. and III. also show the details 
of the brush-holder and rocker, the construction of the field- 
magnet, the arrangements of the bearings, and the pattern of 
lubricator employed. 
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Mr. Kapp has also designed some multipolar drum dyuAm 

for central-statiou lighting. In the provious edition of thi« 

I Iwok there wiia described a 6-[}ole machine wilh the armature 

windings grouped in series so as to need hut two sets of brusheK. 

The windings are of a cable of stranded insulated wire. 

Siement' l>i/namo», — These originated with Messrs. Siemens 
and Halske, of Berlin, who have niauufactured many different 




Fi«. ^U.— HmMKNs' Dynamos (Vtrticttl Pattern). 



forms. In recent years there has beeu some divergeoof 
between the types followed in Berlin and those produced by 
the London firm of Siemens Bros. Until about 1890 the 
characteristic feature of all forms was the drum-armature ; 
but the largest machines are now made with rings. In some 
of the earlier patterns of Siemens' machines the cores of the 
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drum were of wood, over-spun with iron wire circum^erentially 
before receiving the longitudinal windings. In another of 
their machines there was a stationary iron core, outside which 
the hollow drum revolved ; in other machines, again, there 
was no iron in the armature beyond the di-iving-spindle. In 
all the modern drums iron core-disks are now used. The old 
horizontal pattern of Siemens' dynamo is depicted in Fig. 8, 
p.' 15. This was followed about 1880 by the vertical form 
shown in Fig. 274. The field magnets liere consist of forged 
arched bars of wrought iron, witli double magnetic circuit, 
having consequent poles riglit and left of the armature. 
About 1882 various ways of compound-winding were tried,^ 
in some of wliich the series and shunt-coils were wound on 
the same cores, and in othera on different limbs, the usual 
practice being to wind the series-coils outside the shunt 
windings. Some large machines of this vertical pattern, 
including three 112-kilowatt compound-wound dynamos, were 
used at the Inventions Exhibition of 1885. Each of these 
was capable of yielding 450 amperes at 250 volts at 300 
revolutions per minute. 

In 1886 Messra. Siemens and Halske, after trying some 
intermediate forms (depicted in former editions of this book), 
adopted for outputs of from 1 to 80 kilowatts tlio over-type 
with field-magnet consisting of a single very massive casting. 
Tlie commutators were of iron bars attached ])y screws at one 
end only, so as to be replaceable, and insulated by air-gaps. 
The largest size has a perij)heral speed of 2780 feet per second. 

The London firm has constructed much larger drum 
machines for central-stiition lighting, mainly of the under- 
type. Fig. 275 represents one of these machines, compound- 
wound, with the series winding on one limb only. At tlie 
Naval Exhibition of 1891 were shown three fine dynamos of 
180 kilowatts eacli, at the slow speed of 350 revolutions per 
minute. The armature is 24 inches in diameter, 36 inches 
long, and weighs 2*4 tons; and the entire dynamo weighs 
13-6 tons. The armature conductors are stranded bars ; the 

1 See series of papers in the Elektrotechnitfche Zeitschrift^ March-June, 
1885, by D. O. Frolich. 
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commutator of hard-dra-ivii copper, insulated witli mica, t 
144 segnients, 9 inches long, with three pairs of brushes to 
collect tlie 1500 amperes. The rocker is provided with worru- 
wheel to adjust the proper lead. There are two imlependeiit 
circuits of 72 turns each, which are put in parallel with one 
another by the brushes, which are made broad enough to 
oveiliip three consecutive bars of tho commutator. 

Towards the end of 1886 a form of multipolar ring 
machine, with riug external to the field-magnets, was brought 




Fig, 275,— Siemknb' Dynamo (London type of 1890). 
out almost simultaneously by Messrs. Gaiiz of Buda-Pesth, 
Messrs. Fein of Stuttgait, and by Messrs, Siemens and 

I Halske of Berlin.^ It will be sufficient to describe the 

^ machines of the latter firm. 

The field-magnet is stationaiy and internal to the ring. 
In the small machines this consists of a suijstantial cross- 
shaped mass of cast iron, through the centre of which passes 
the driving-shaft. The four poles, after receiving the exciting 
coils, are furnished with polar expansions, which appi'oach 

' For further Information about Ihe various machines of this type see 
EleHrmefhiitsd'e Zciticflrift for April anil May, 18.S1; La Lumiere ^lee- 
(fifliit, xxiv. 1S2, 18S7; CentralMall fiir Ehkirottchmk, Is. ISO, 410, and 
681, 1887, and the Official Beport of the Froukfort Exhibition of 1891. 
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ilttose to the inside of the ring. The ring core is made up of 1 
thin iron washera bolted together, and is overhung, being 1 
supported on one side by a bi-ass spider keyed to tlie shaft. • 
A machine of this type, weighing 26C0 Ihi., with an output of I 
25 kilowatts at 480 revolutions per minute, had a ring 20 cm. 1 
broad and of 64 cm, internal diameter. The advantages I 
of this tyi>e are the ease of repair, the immense cooling sur- I 
face of the armature, and the non-necessity of applying binding- J 
wires. In the larger machines the brushes ai-e applied against I 
the exterior of the ring itself, with the result that the most ] 
noticeable feature of the machine is the enormous commu- | 
tator and the huge star-shaped brush-holder which supi>ort8 J 
the various sets of brushes (see Plate VIIl.). J 

In the central stations of Berlin and otiier German cities 1 
these large dynamos are combined with huge engines of the J 
marine t3-pe, Uie whole Iiaving a very imposing appearance. I 
In Plate VIII. are shown some of these machines, the largest I 
liitherto made, in the station at Schiffbauerdamm, Berlin. The I 
dynamos are mounted in pairs on the ends of the main shaft 1 
of an enormous compound condeusing-engine of marine tjiie, | 
by Kerchove and Co., of Ghent, having 5 feet 5 inches stroke, 
the diameters of the cylinders being respectively 2 feet 6 inches 
and 4 feet 5 inches, giving 1180 indicated H.P., or 1000 actual 
H.P., at 75 revolutions per minute. Each dynamo in capable 
of giving 2000 amperes at 140 volts, at only 60 revolutions , 
per minute. The field-magnet hsvs 10 salient poles, with | 
rectangular cores fixed to an annular yoke-ring, which 
canied in a U-shaped support on the bearing. The exciting J 
coils are all joined together in series, and connected in shunt 
to the armature. The armature is built of core-rings mounted 
on insulated, arms, which project from a bronze stai^wheel, 
tlius overhanging the field-niiignet. Fig. 229, p. 302, shows 
the detail of construction. The winding, as that figure shows, 
consists exteriorly of straight copper bars, united by other 
pieces of bent form which pass through the inside of the ring 
from the end of one straight bar to the beginning of the next, 
thas constituting a spiral and endless winding. The collecting 
brujihes trail against the exterior of the peripheiy of tbe.^ 
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armature, which thus serves as commutator, and is 9 feet in 
diameter. The brush-holdei-s are mounted on a steUate 
rocker, by wliich they can all be simultaneously shifted for- 
ward or back. The brushes can also be all taised simul- 
taneously' out of contact by a lever /, united by connecting 
rods to another star-piece. Plate VIII. shows separately the 
star-shaped rocker. At the Spandauerstrasse station are four 
sucli engines of 1000 nominal H.P., each driving two dynamos, 
supplying in total 40,000 to 50,000 lamps. At the Mark- 
grafenstitisse station are four single steam dynamos of 
400 II. P. each. At the Mauei-strasse station are three double 
steam dynamos of 1000 II. P., and two single of 400 H.P. eacli. 
At the Schiffbauerdamm station are six double steam 
dynamos of 1000 II. P each. 

At tlie Frankfort Exhibition of 1891 a similar 300 kilowatt 
dynamo was shown ^ direct-driven from a triple condensing 
engine by Kuhn of Stuttgart, giving 2200 amperes at 150 
volts at 65 revolutions per minute. The magnet of this 
dynamo liad 10 poles, being 272 cm. in diameter. The 
external diameter of tlie ring was 310 cm., wound with 810 
convolutions, each bar being about 1 cm. wide, with paper 
insulation. There were 10 sets of bnislies, three in each set, 
each brush being 4*5 cm. wide, of rectangular copper wire. 
The star-piece carrying the overliung armature was of cast 
iron, with 30 arms, supporting the core-disks by means of 
30 insulated steel bolts. To collect the currents the five 
positive brush-set« are united together, and the five negatives 
are also connected together ; the currents being conveyed to 
the mains by flexible cables. At a speed of 100 revolutions 
per minute this machine reaches an output of 600 kilowatts. 

Oerlikon Co. ^8 Dynamos. — For many yeai's past the 
Oerlikon Machine Works near ZUrich has produced excellent 
machines. Till 1892 the chief designer was Mr. C. E. L. 
Brown. Since that date Mr. Kolben has been mainly respon- 
sible. Of their many types of machine but a few can be 
described. 

Plate IV. Glow-lamp Dynamo^ 28 kilowatts, — Output 

1 See description by Esson in Electrical Beview, xxix. 342, 1801. 
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400 amperes at 70 volts ; 38 H.P. at 400 revolutions per 1 
miuate. This macLiiie resembles tlie " Manchester " type, 
but is even more massive, and is now made with drum instead \ 
of ring windintf. The core-diska are keyed to a long sleeve, I 
and tliey are pierced to receive the copper couductors ; the I 
perforations bein^' 12 mm. in dian]eter,sunk 1 mm. belowthe \ 




\ TlO. 270.— Bkown's 4-pole Dtsamo (Oerlikos Co.. 188fl), 
End View. (Scale 1 ; 24.) 



(iphery. The thickness of the gap-space from irmi to iron 
is thus reduced to 2-5 mm. Core-disks, external diameter 
51-4 cm., internal diameter 22 cm., thickness 0-6 mm.; 
namber 670, insulated with paper. Total sectional area of 
\ in srmatui'e 480 sq. cm. Number of conductors around 
^ihery, 80 : commutator liars. 40 ; resiatance of armature, 
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bnisL to brusli 000525 ohm. Field-mAgneta, shunt wound 
with 2800 windings of wire, 3-2 mm. diameter; resistance 
6 ohms, with about I ohm extra in series for regulation at 
above speed and output. Conductors passing through holes 
in armature are round copper 9-2 mm. in diameter. The 
end-connectors are of strip copper in two-legged pieces bent 
into evolute spiral shape, as in Fig. 232, p. 305. 




Fio. 277.— Brown's ■1-tole Dttiamo. IjONoixcDraAL Section. 

Figs. 276, 277, and 278. Four-pole Ring Dynamo for 
TrangmUgion of Power, 170 kilowatfg. — Output 270 amperes 
at 625 volts; 240 H.P. at 500 revolutions per minute. These 
machines, of which two were shown in the Paiis Exposition 
of 1889, stand nearly 8 feet high. They are ring-wound, with 
the windings external to the core-disks, as the construction 
with conductors embedded in lioles was not thought suitable 
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for machines exceeding 100 volts. The cast-iron mngiieta I 

arranged railially, and are united l>y a veiy massive I 

yoke ring, the lower half of which is cast in one piece with I 

the frame and the suppoits for the bearings The amja- | 

1 in diameter, and 50 cm deep Core-disks, . 




mal diameter 66 cm., external diameter 96 cm., thick- 
ness 0-6 mm., insulated with paper ; net sectional area of iron 
io ring, 660 sq. cm. ; gap-space, iron to iron, 16 mm. ; winding 
(generator) 400 turns of cable containing 19 strands of 1-3 ram. 
wire, wound in one layer externally and two layers internally j 
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resistance, brush to brush, 0*025 ohm. ; cross-connections, 
none ; commutator, 200 parts. Field-magnet coils in series 
with armature, and are each wound with 60 turns of 1 mm. 
copper sheet 30 cm. in width. Weights are as follows : — 
Frame and magnet cores 11,600 kilos, armature iron 1430, 
armature copper 132, armature complete 2420, magnet copper 
1370. Total weight of complete machine, 15,700 kilos, or 
nearly 16 tons. At 500 revolutions per minute, it can be run 
at 250 H. P. continuously night and day. If run in day only the 
current may be increased so as to work at 300 H. P. Com- 
mercial efficiency at full load 93-94 per cent. 

The machine used as motor, with the above generator, is 
nearly identical, the only difference being that there is slightly 
less iron in the armature, and there are only 364 windings 
with a 184-part commutator. Modified in this way the speed 
is constant, thougli the loss in the line varies with the load. 
- Fig. 279. Eight-pole Ring Df/namo for Electrometallurgical 
Purposes. — For the use of the aluminium industry Mr. Brown 
designed 6-pole and 8-pole dynamos. That depicted in 
Fig. 279 was a 300 H. P. machine working in the aluminium 
establishment at Neuhausen. This was tlie first dynamo of the 
vertical pattern designed to run upon a vertical turbine. With 
an average output of 3000 amperes the machine i-uns spark- 
lessly. The mode of cross-connecting each part of the ring- 
winding to the two points of the commutator 45° distant is 
accomplished by bent two-legged strips of copper, as shown. 

Fig. 280 depicts a 24-pole vertical shaft dynamo, designed 
in 1891 for the aluminium industry. The moving armature 
weighs 12 tons, and revolves at 150 turns per minute ; total 
height, 12 J feet; total weight, 34 J tons. Its output is 
7600 amperes at 55 volts ; being about 600 H. P. To collect 
this current there are 24 ranks of brushes, five brushes in each 
rank, equi-spaced around a commutator 1-7 metres in dia- 
meter. The commutator is below the armature, which is 
drum-wound, having stranded conductor laid in perforations 
through the core-disks. The field-magnet is constituted of a 
crown of 24 inwardly-pointing poles of cast iron ; it is sup- 
ed upon a ring of masonry exterior to the machine. 
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The Oerlikon Co. has built numerous other vertical shaft 
machines for tuibine work, amongst them being the alter- 
nators described in Chapter XXIIT. 

Fig. 281 depicts a 60 kilowatt 4-pole machine, which may 
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goregai-ded as a development from tlie earlier form of 
Fig. 278. The armature is, however, dru in-wound. It was 
separately shown in Fig. 237. 

Srmeii's Dynaviom, — Since 1892, when the firm of Eiown, 
Boveri & Co. began operations, Mr. Brown has designed 
Euany types of machines, notabl}' those of the vertical-shaft 
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Fia. S81. — Oeblikok Co.'b 4-pole 60 IQlowatt Dynamo. 
(1896 type). 

type for turbine use. Plate VI. gives a view of a recent 
4-pole continuous-current machine used as exciter for the 
large "umbrella" alternators in the turbine house of the 
town of Aarau. The armature has the cylindrical winding 
described on page 310. 

Fig. 282 illustrates a special 6-pole dj-namo designed by 
Brown for nse on the Heilnmnn locomotive : a service for 
which lightness of weight relatively to output is essential. As 
it must run at a high speed a ring-winding is preferred. The 
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ictuiil weight ia less than 2G lbs. per horse-power. It weighs. 

rithout the hinder Waring, 7200 kilogrummcs, the armature 

teing 2400 kilos, Its normal output is 600 H. 1'., its maximum 

. At 400 revolutions per minute it gives out 920 amperes 

li'iS volts. It is separately excited, and direct-diiven. 

i Brown, Boveri & Co,, continue to use the bipolar 
B of Plate IV„ but the new designs have more massive 
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Flo. S82— Beown's 6-pole I>y>'AMO for the nRiLMANs Locomotive, 

yokes with a deep V-shaped depression at the middle. For 
transmission of power they have recently built some of these 
machines with the magnets in the main circuit, carrying 40 
amperes at 2500 volts. For all ordinary lighting and distri- 
bution of power their type for continuous currents remains, 
however, the 4-pole machine much on the lines of Fig. 278, 
The arniatuie, however, is the cylindrical drum described 
ftbove (Fig. 240, p. 311) ; imd the magnet cores are of circular 
iction without any polar expansions. The field-maguet then 
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consists simply of two castings bolted together, with the pole- 
faces bored out. 

Brush Co*9 Dynamos. — The Brush Electrical Engineering 
Co. manufactures several different types of continuous-current 
dynamos. For small sizes the type preferred is of the bipolar 
over-type, having magnets and bed-plate cast in one, and a 
simple drum armature. For outputs from 1 to 7 kilowatts 
a machine of " Manchester '' type with ring-winding is used. 
For outputs up to 36 kilowatts and for motor work, the type 
preferred is a 4-pole machine with araiature of the flat-ring 
type, produced under the patents of Mordey, Wynne, and 
Sellon, to which the not very apt name of the " Victoria" 
dynamo has been given. The development of the Victoria 
machine from the original Schuckert machine commenced 
with the discovery by Mr. Mordey, by the aid of his method 
of examining the distribution of potentials round collectors, 
that by reducing the size of the pole-pieces to make space 
for a 4-pole field, the electrical output was doubled, without 
increase of speed, when using the same ring as employed by 
Schuckert with a 2-pole field. The pole-pieces in the earlier 
Schuckert machine consisted of hollow iron shoes or cases 
which occupied a large angular breadth along the circum- 
ference of the ring. The Mordey- Victoria machine has a 
narrower form of pole-piece, not covering more than 35° of 
angular breadth of the circumference of the armature. Fig. 
283 represents the 4-pole Victoria dynamo as now constructed. 
The pole-pieces are of cast iron shrunk upon the cylindrical 
cores of soft wrought iron which receive the coils. The arma- 
ture of the Victoria dynamo has several times been modified, 
and its core is now made of almost square section. It is 
built up of charcoal iron tape, coiled upon a strong foundation 
ring, contact between successive layers being prevented by 
coiling paper between. Special pains have been taken 
throughout to ensure that there are no electric circuits made 
in the bolting together of these cores, each layer being insu- 
lated from the adjacent layers. Eddy currents in the core 
are thus almost entirely obviated. The foundation ring and 
some of the inner convolutions of tape are slotted out to 
27 
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I receive the gun-metal arms, of wliich there are two seta 

' clamped together, one on either side. Fig. 283 shon-s tliis 

construction and the method of securing the ring to the shaft 
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bj lock-nuts. Square wire is used for windiug the armature 
coils, and as they do not cover the entire external periphery 
of ihe armature core, there is ample ventilation. Tlie winding 
is of one continuous wire, and the crossings ai'e effected at 
tlie outer periphery. End-play is prevented by the use at 




Fio. 384.— Bu^aLAB Dynamo (Brufih-Falcon Type). 



one end of a deeply-grooved Babbitt-metal thmst-bearing. 
Mr. Moi-dey. as mentioned in Chapter XII., reduced the 
number of brushes to two. by the device of cross-connecting. 
Such machines are now guaranteed under tender to run at a 
commercial efficiency of 92 per cent. 



A larger trj-pe of Victoria machine, having 
K. and S. set roimd the ring, was illustrated 




ix poles alternately 
u earlier editions o' 
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this work. As each segment of the collector is connected with 
those situated at 120° and 240° distance round the set, only two 
brushes are required. 

The advantage originally claimed for the flat-ring construction, 
that it allows less of the total length of wire to remain * * idle '' 
on the inner side of the ring, is rather imaginary than real, for 
the total resistance of the armature is but a small fraction of the 
whole resistance of the circuit ; and it is possible to spread the 
field so as to make all parts of the wire active without any gain 
whatever, if by this spreading there is no increase on the whole 
in the total number of lines of force in the field. The real reasons 
in favor of multipolar flat-ring armatures appear to be the follow- 
ing: — First, their excellent ventilation ; second, their freedom 
from liability to be injured by the flying out of the coils at high 
speeds; third, their low resistance, due to the fact that the sepa- 
rate sections are cross-connected, either at the brushes, or in the 
ring itself, in parallel. 

For outputs from 11 to 270 kilowatts the Brush Co. 
manufactures bipolar machines of the under-type, having 
drum-wound bar armatures with evolute end connectors. 
These machines have forged magnets ; their magnetizing 
coils being protected by a lagging of sheet steel. For equal 
output they take less floor-space than the 4-pole type, though 
in some other respects they are less advantageous. Their 
general aspect is shown in Fig. 284. 

Mather and Plait' % Dynamos : — Figs. 285 and 286 illus- 
trate the " Manchester " dynamo, designed by Dr. E. Hopkin- 
son. Its compact field-magnet has cylindrical wrought-iron 
cores, and massive cast-iron yokes. The armature is a 
modified Gramme, with low resistance and careful ventilation. 
The commutator consists of 40 bars of toughened brass insu- 
lated with mica. It is usual in these machines so to shape 
the pole-pieces that there is a smaller clearance opposite the 
highest and lowest points of the armature ; this concentrates 
the magnetic field and helps to prevent its distortion by the 
armature current. In a 24-unit machine (designed for 300 
lamps) of this pattern the armature cores are 12 inches long 
and 12 inches in diameter, with 120 turns of wire. The 
resistances are : armature, 0-023 ohm ; shunt, 19.36 ohms ; 

des coil, 0-012 ohm. With a speed of 1050 revolutions per 
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minute the current was 220 amperes, tlie machine beiug 
nearly self-regulating for 111 volts; its efficiency is 90-9 per 
cent.^ 




Fio. 28.1.— ■■ Han(7HESTER " Dynamo {End Eleration). 

ffessrs. Mather and Piatt also manufacture the Edisoii- 
Hopkinson dj-namos depicted in Fig. 287- Dr. i. Hopkinson 
imprOTed the original bipolar Edison machine by making 
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Fio. 286.— "Maschkster" Dynamo (Front Elevation). 



ie magnetic circuit more compact, and by reconstructing the 
armature with cores of larger section and better mechanical 

* One o( these machines is Tery fully desoribed in the paper b 
J, and E. Hoplunson in the Phil. Trans, for 1866, 
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istruction. In the older construction, tlie bolte and their 
attached end-pieces furnished » circuit in which idle currents 
were constantly running wastefully round, with consequent 
heating and loss. Dr. Hopkinson also introduced the im- 
provement o£ winding the niiigneta with a copiier wire o£ 
square section, wnipped in insulating tape. This wire packs 
more closely round the iron cores than an ordinary lound wire. 

A I'emarkably complete account of one of these dynamos, 
coniiU-ucted by Messrs. Mather and Piatt, was puMialied in 
188C.* As tliis machine is often referred to in the theoretical 
cliaplers of this Imok, a detailed account of it is important. 
Its design may be gathered from Fig. 287. 

The macbine described ia intended for a normal output of 330 
amperes at a prea.sure of 105 volts, running at 750 rerolu lions per 
minute. The fleld-maguet consists of two limbs connected by a 
yoke o£ rectangular section . Each limb, together with its pole- 
piece, ia formed of a single forging. Tlie wrought iron used for 
these and the yoke is of annealed hammered scrap ; the niagnetio 
properties being those described in Chapter IV. The section of the 
limbs is nearly rectangular, with rounded comers. The yoke ia 
bolted tothe limbs, the joints being well surfaced, The bod-plate ia 
of iron,azincbasel2-7cm.highbeing interposed. The armatiu^ 
core is built upof about 1000 thin platesof soft rough iron, insulated 
from the shaft, and separated by paper from one another. Tliey are 
^^b^d l>etween two end-plates, one of wluch is secured by a washer 
^H^unk on the shaft, and the other by a screw-nut and lock-nut. 

^^^Ilie to! I owing Are Ihedimea^lonsofthelron parts : — Diameter of fkrmatura 
core, 3-1*4 cm. ; u( Ititenial hob, T'63cni. ; of shaft, e'DHcm, ; lengLhofcoio, 
fiO-^ cm. Length of Qeld-mngnct limb, -t-l'T cm. ; brenrlth, 22*1 cm. ; niddl 
(parallel to Bhofl), 44-45 cm. Length of yoke, til HI cm. ; wldlh, 4S'3 cm. [ 
depth, !3'2 cm. Diameter of bore of flelil-ninfniets, 27'5 cm. ; depth of pola> 
ldece,SQ'4cm.; width (pamllel to shaft), 48'3 cm.; n-idth between pole-piece^ 
la-lnu. Area of section ot iron In armature core, 810 e^. cm. Angle sub- 
unded by bored lace of pole-pieces, 120''. Actual area of pole-piece, 1513 sq. cm. 

k^&ee paper on lyynamo-eieclric Machinery, by Drs. J. and E. HopWuson, 
\e PhilaiiophiMl Ttaamxctloiia for ISSfl, Part I. Tliis most valuable p«per 
reprinted, bnt witbonl the plat**. Id Ihe Electrical Betieto, vol. xtIII. 
188«. _ It waa a!ao printed in tho Elfctrician, xTiii. 39, 03, 8*!, and 175, to 
Issues of Nov. Illt.li and ailh, and Dec. 3nl and 3Ist, IS.SO. where the figure* 
of Uie platea are printed ia the text. It Is reprinted in Dr. Hopkinson's book. 
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effective area, 1600 sq. cm. Thickness of gap space, 1*5 cm. Area of 
section of limbs, 980 sq. cm. ; ditto of yoke, 1120 sq. cm. 

Tlie windihfs^s are as follows : — Magnetizing coils, 11 layers on each limb 
of copper wire, 2*413 mm. diameter. Total convolutions, 3260; total length, 
4670 metres. Armature, 40 convolutions in two layers of 20 convolutions of 
stranded copper wire, consisting of 16 strands of wire 1*753 mm. diameter. 
Resistance (at 13-5^ C.) : field-magnet, 16*93 ohms ; armature, 0*0009947 
ohm. Normal magnetizing current, 6 amperes. Conmiutator, 40 copper 
bars insulated with mica. (Further data are given on p. 354.) 

Recent tests with Edison-Hopkinson dynamos constructed 
by Messrs. Mather and Piatt, of Manchester, show that they 
have an economic coefficient of over 95 per cent., and an 
actual commercial efficiency of over 93 per cent. These 
machines have usually from two to five separate brushes at 
either side, capable of separate removal, so that they may be 
trimmed without stopping the machine. In order to bring 
the neutral points of the commutator to convenient positions 
right and left, the connecting pieces which join the commu- 
tator bars to the armature windings are carried spii^ally 
through about 90°. The makei-s of these machines have 
modified in detail the winding of the armature,^ enabling 
them to use copper bare instead of stranded wire. They 
shape the pole-pieces to diminish distortion of field, and con- 
nect the armature bars across the ends of the armature by 
evolute spiral connectors in two layers, like those used in 
Siemens' electroplating dynamos. 

Figs. 288 and 289 depict the large 225 kilowatt dynamos 
built by Measi-s. Mather and Piatt for the South London 
Electric Railway. They are further shown in Plate IX. 
They have a maximum output of 450 amperes at 500 volts 
when running at 500 revolutions per minute. The limbs and 
yoke are of wrought iron, the polar masses of cast iron. The 
armature conductors are copper bai-s, and the resistance from 
brush to brush is 0-017 ohm. That of the shunt coil is 96 
ohms, of the series coil 0015 ohm. The compound winding 
is not, however, of much service for such rapidly varying loads 
as occur in railway work, for with such massive magnets 
changes of magnetism cannot take place rapidly enough ; and 
the slow-speed engines do not govern rapidly enough. The 

^ See In(2u«trte8, 11. 549, 1S87 ; and Specification of Patent, 4884 of 1886: 
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weight of iiiiigiiets mid pole-pieces is 8-5 tons, that of tllflP 
yoke 3.05 tons, of llie armature 2-85 tons ; wUlst eitcli com^ 
plete macliiue with its bed-plate weighs 17 tons. 

For railway and tramway work, Messi'S. Mather and Piatt 
now use shunt-wound geiieratora witli a stationary battery o( 
accumulator wLich by discharge relieve the generating plant 
at the periods of excessive load, and absorb the surplus power 
at periods of light load, thus securing a perfectly Bteady load 
on the generators. This system has been adopted by Dr. 
Hopkinson on the Dougliis and Laxey electric tramway, with 
the result that the load on the generators is perfectly steady. 

Some efficiency tests of a 53 kilowatt compound-wound 
Edison-Hopkinson dynamo direct^Jriven at 430 revolutions 
per miiiuto by aWillans engine havetmen published.^ Indi- 
cated hoi-se-power absorbed 85-3; output 475 amperes at 110 
volts, or 52-2 kilowatts, or 700 H.P.; making a net efficiency 
of 83-S per cent. The electrical losses were only 3 per cent., 
whilst 10 per cent, was lost in friction in engine and dynamo. 

Independent efficiency tests have recently been made on 
some large dynamos of tlie Edison-Hopkinson type, con- 
structed by Messis. Mather and Piatt for the Manchester 
Corporation, These machines are wound for an output of 
690 amperes, at 410 volts, at 400 revolutions per minute, and 
were tested by Hopkinson's method (Chap. XXX.), being 
coupled together as generator and motor with the loss in the 
combination being supplied by a third independently driven 
machine, coupled in series with tlie two aimatures, so that all 
the measurements were electrical. The resistances of the 
shunt coils are 5'2'7 ohms and of the armatures -01167 ohms. 
The losses in percentages of the power absorbed were: — 

In armature . , — 

In shunt coils — 

Hence, electrical efficiency — = 

Loss in friction of bearings, eddy currents, hys- 
teresis, and friction of brushes — 2-11 1 

Hence commercial efficiency, including ail losses — 95-11 1 

' The Electrician, ssv. 707, 1890. 




lAessrs. Mather and Piatt also construct a multipolar type 
f machine, with the armature built up after the 
their " Manchester " machine, but with drum evolute windii 
The winding ia developed, either with the convolutions wou 
zigzag, so as to bring the effect of all the poles lu series, 
with the convolutions coupled in parallel. In either 
the bars of the armature, in alternate gaps, are at approxi* 
mately the same potential, so that there are as many points 
of commutation as poles, and the brushes in alternate gaps 
can all be coupled parallel. The fii'st winding is particularly 
suitable for slow-speed high-potential machines of large out- 
put, while the second is useful for machines of low poten- 
tial and laige current, such as are frequently required for 
electrolytic purposes. 

Ediaona Co.'a Dynamot, — In 1879, after proposing a^ 
strange sort of machine as generator, in which inductive coilg 
were waved to and fro at the end of the prongs of a gigantii 
tuning-fork, Mr. Edison, with the assistance of Mr. Upton, 
designed the bipolar machine which was depicted in forme] 
etUtions of tliis work. It had a drum-armature rotnting 
between heavy pole pieces excited by a very long magnet, 

^^mlli tall columnar limbs. 

^^bo the larger machines two or three tall field-magnets wei«. 

^^Bembled side by side, over an armatui-e of double or triple 

^^Bigth, An Edison 60-light " Z "' machine of the older 
pattern, tested by the Committee of the Munich Exhibition, 
was found to give an efficiency, which, if measured by the 
ratio of external electric work to total electric work, ex- 
ceeded 87 per cent. ; but its commercial efficiency — the ratio 
of external electric work to mechanical energy imparted at 
the belt — was only, at the most, 58-7 per cent. This was 
due to the pnxluetion of wasteful eddy-currents in the bolts 
which held together the annatui-e and otlier masses of metal. 
The " Jumbo " steam dynamos were even less efficient, and 
required a 4 H.P. fan to be attached to the armature shaft to 
keep them cool by a forced draught of air. 

Dr. J. Hopkinaon's efforts to improve this machine resulted, 
as detailed on p. 420, in a better design. 






J 
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The fietd-mi^ieU of all Uie larger macliines turned otil 
by Edison prior to 1884 had a number of long iron columns 
as cores to receive the coils. Since that dat« the more com- 
pact arningemeitt of a single magnetic circuit with short 
Btout magnets has been ailopted by the Edison companies on 
both sides of tlie Atlantic. The usual form (tyj>e of 1888) 
of Edison dynamn, as used in the Slates, \a depicted in Fig. 
290, The field-magneU are of Ciist iron, with a i 
' yoke, and stand upon a high footstep of zinc to din 
r ihortKjircuiting through the bed-plate. These machines are 




FiQ. 390.— Edison Dtsamo (1888 Type). 
shuiit-wound, and are intended for incandescent lighting 
work. TJic Iwarings are longer and the nieclianiciil arrange- 
ments in every way suiterior to those of the older machines. 
At the Paris Exhibition of 1889 were a number of these 
bipolar dynamos built by the Edison Machine Company, of 
Schenectady, ranging fiom a small 2J kilowatt machine, 
80 inches high, to one of 150 kilowatts, 8 feet 6J inches high. 
Drawings of the largest mivchine are given in Plate V. This 
dynamo is capable of supplying 1075 amperes at 125 volts, 
when running at 450 revolutions per minute. It has a 41-part 
I fKHnmutator and a 41-bar armature. There are six brushes 
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in each set, each 1'88 inches wide and about 0-62 inches 
thick. Its weight is 12J tons. 

Some particulars published in 1890 by M. Minet^ con- 
cerning some of these dynamos show that the mean value 
of B iJi the gap space was from 3200 to 4100. The electrical 
efficiency of the larger machines was 93.8 ; the nett efficiency 
about 89*7 per cent. 

Though this bipolar type has now been abandoned, some 
statistical information may be valuable as showing the rela- 
tions which have been found to give good results in machines 
of very different sizes : see following pages. 

As these machines were of exceedingly good construction 
some details respecting the precautions taken to insulate the 
magnet-windings will be of interest. The ordinary machines 
working at 100 to 125 volts are insulated as follows: — End- 
rings of hard rubber are wedged upon the iron cores with 
mica. When bits of slieet mica are used, these are cut to be 
Ij inch wide and at least 3 inches long; but when "made 
mica" sheets are used, long strips 3 inches wide are cut, and 
conformed by heating to the curvature of the core. In either 
case the mica projects at least 1 inch on the inner side of the 
ring. Then over the core is laid one layer of varnished 
muslin 24 mils thick, cut to the exact width between the end- 
rings. Upon this are placed two layers of plain pressed 
board 20 mils thick, cut one inch wider than the width 
between the end-rings, and serrated with V-cuts i inch deep 
at its edges, so as to allow these edges to make flanges against 
the end-rings, the serrations of the two layei*s breaking joint 
one with the other. The total tliickness of core-insulation is 
thus 64 mils. A core-paper is laid between every four layers 
of winding. Between series and shunt coils, in compound- 
wound machines there is as careful an insulation as on the 
cores. When the winding is completed two layera of pressed 
board are laid over, and served with an external winding of 
hard rope, and varnished. 

For machines up to 250 volts, 4 layers of oiled pressed 
board are used over the muslin. 

1 La Lwniere Electrique, 1890, xxxv. 401. 
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Magnet Data. Standard Bipolar Machines (125 Volts), 

Shunt-wound. 



Kilo- 
watts. 

2-5 


Mean 

Diameter of 

Helix of 

Wire on 

Core 
in Inches. 


Length of 
Wire (calcu- 
lated) on 
both Cores 
in Feet. 


Number 

of 
Turns. 


Resist- 
ance 
in Ohms. 


Radiating 
Surface 

in Square 
Inches. 


Maximum 

Watts 
in Cores, 
withaU 
extra 
Resist- 
ance out. 


Watts per 

Square 

Inch of 

Radiating 

Surface. 


5*94 


10,325 


6644 


123 


524 


94-33 





18 


5 


6-8 


9,000 


5051 


62 


609 


159-5 





262 


7-5 


7-7 


10,560 


5230 


51 


935 


177-2 





•19 


10 


8-8 


11,780 


5120 


42 


1190 


185-5 





156 


15 


9-5 


14,000 


4830 


51 


1361 


202-5 





149 


20 


10-6 


15,000 


5640 


28 


1480 


268 





•180 


25 


11-3 


15,000 


5400 


43 


1860 


258 





•138 


30 


12 25 


14,850 


4630 


34 


2075 


389 





163 


40 


13-9 


14,850 


4075 


25 


2790 


439 





•157 


50 


1613 


17,000 


"4010 


23 


3620 


469-5 





•137 


80 


19 


18,800 


3760 


17 


4550 


682 





•150 


150 


23-5 


18,800 


2980 


6-7 


7200 


995 





•138 



For macliines up to 500 volts or more, 3 layei's of oiled 
linen 5 mils thick, not turned up at edges, are placed over 
tlie muslin. Over tliese come fii*st 4 layei*s of oiled pressed 
board, and then 2 layers of plain pressed board, the latter 
with edges serrated to form flanges. This makes a total 
thickness of insulation 159 mils. Core-papers are laid be- 
tween every 3 layera of winding, and three layers of pressed 
board are served on the outside. 

The armatures are equally carefully constructed. The 
core-disks, 12 mils thick, are assembled in " sections " 
consisting of 5 disks with 11 sheets of paper ; a sufficient 
number of sections being taken to make up the required 
" body." The body is held together with insulated bolts, each 
enclosed in a paper sleeve ; the core-sections being compressed 
by hydraulic forces varying from 30 to 200 tons. Both body 
and shaft are insulated with a coating of japan, several layers 
of oiled paper, and a laj-er or two of tape. Stout iron 
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emi-ijlates, securely keyotl lo the aluvft, and nicked to receive 
[ di-ivitig pegs of fibre, aie provided, with one or two siftiilar 

plates at the middle of the eoie; while headings of varnished 
L uiiislin or cnnvm) piotect the ends of the core from contact 
1 with the windings. 

General Electric Co.'a Gijnamoif. — At the Schenectady 
' works the bipolar Ediaon type of dynamos has been super- 
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Flo. 301.— Uekekal Electric (.'o-'a ilLLTU'oLAR D\'ijaii( 

ed by multipolar types. Fig. 291 gives a geueral view of 

kilowatt machine of Uie standard type now adopted for 

the sizes under 100 kilowatts, having 4 poles. The magnet 

cores and yoke are of special mild steel soft castings. The 

.dings of the armature are suuk between teeth in the core- 
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disks, with air-ducts at intervals. The insulation consists <if 
alt43rnate laminations of sheet mica and tougli paper. A tei 
peratui'e rise of 40° C. is permitted unless a low 
Htipulated for. 

Fig. 292 gives a view of a 6-pole street-tramway jrenei-ator 
of 400 kilowatts at 150 revolutions per minute. The output \^ 
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Flo. 2fl2,— Oexeral Electric Co.'h Street-Trasiway 

800 amperea ut 500 volts. These machines are so designed 
that, the flux-density shall he 85,000 lines per squure inch in 
the pole-cores, 70.000 in the yoke. In the ainiatui-e disks 
tlie density is also 70,000 lines per square inch, increased to 
135,000 in the coiw-teeth, tliis liigli degree of saturation being 
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f^tt^TTfrd M htf^lpLng to prerent dutortioa of field. The per- 
micc^ amp«r%gi> in the armature condactors ls only 1500 
ftfttp^n^ p«^r .vjOAre inch. Some mach larger machines have 
^le^a cofH^mctftrl for direct-driTing. as^ for example, the six 
1i») kiIo?ratt mivirhlnes in the Brookljn generating station. 

Par^hnir* JHfilfip^/far Difuamo^. — Mr. H. F. Pa^rshaU* who 
;ulvU^ th*: ff«^nenil Electric Co. in the deTelopment of their 
rnriltipoUr g«;rierator», lias kindiv fnmished the data for 
th^ design .<«hWn in Plates X. and XI. This represente a 
rerr^nt ^{lole. 1*70 kilowatt.- machine with cylinder dmm- 
armature. giving 300 amperes at ^'2b volts at 200 reYolntions 
fjer minute. The core-^lL^ks are slotted with 154 teeth, 
liet\ireen which lie the conductors in two layers. To diminish 
ftfiarking a duplex winding Cp. 272) is adopted, so that in 
earrh slot there are 4 conductors, and in the commutator 808 
part4. The m^^Kle of construction of the latter, which is 
j;e^;uliarly .suljstantial. is shown in Plate XI. It will be noted 
that the armature core-<lisk.s, built up of overlapping segmental 
have internal lugs by which they are lx>lted together and 
driven u[ion a grcKivcd spider. There are about 10,000 
amfjere-turns of excitation ufK)n each j)ole, of which ahont 
4000 are provi«h.'d by the comi>oumling coils at full load. 
The shunt coil hfi-s to provide for /)81o anii>ere-tunis which 
are required as follows: — i-SoO to drive the flux across the 
gai*^paf:c, 045 for the yoke, 450 for the pole-core, 300 for the 
teeth, and 70 for the armature body. The flux through each 
jiole is 8,700,000 lines. 

Go^jhhnn Dtjnamoin. — Excellent dynamos have long been 
manufactured by Goolden & Co. (now merged in the firm of 
Easton, Anderson and Goolden), the chief designer having 
been Mr. Ilavenshaw. In their larger dynamos bar armatures 
are employed, having rectangular conductors built up of 
laminated or twisted copi>er strip, lightly oiled. The smaller 
are wound with round wire, silk covered. Amongst their 
features are swivel Ixjarings and screw-fed brushes. In Fig. 
2(IH is illustmted a Gl kilowatt Goolden dynamo of the over- 
type, direct-driven at 460 revolutions per minute by a 

illans engine, a combination frequent in central lighting 
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stations in England. The magnet limbs mid pole-pieces are 
of wrought iron. The pole-faces are bored elliptically, so aa 
to leave greater air-space below armature than above, and 
counteract magnetic pull. The conductor bars are driven by , 
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80-100 fibre horns inserted in key-ways in the periphery of 
the core: they are united at ends by stamped evolule con- 
nectors. At one end the bars are made fast to the segments 
r>f the commutator; at-tlie other they are supported by an 
maulated brass ring, which allows them to expand longitudi- 
nally when they warm up. The commutator is of hard-drawn 
oopx>er and mica, built up on a separate sleeve keyed to 
the shaft. The following tests were made of one of these 
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combined plants, running at 500 revolutions per minute, 
showing the location of the various losses : — 



At Fall Load. 



Net output (watts) 

Loss in armature resistauoo 
Loss in magnet coils 



50,000 



Loss by friction, eddy-curronts 
and hysteresis 



1,010 
615 

255 



Total loss in dynamo 1,880 



1,880 



Gross output 

Loss in enfi^no 

Total indicated H.P. in watts . . 

Ck)mmercial efficiency of dynamo 

Commercial efficiency of com- 
bination 



51,880 



- 51,880 
5,020 



57.800 




96 2 |x>r cent. 
86-5 



•( 



95-7 percent. 



71-8 



tt 



Holmes^ Dynamos, — Messrs. J. H. Holmes & Co., of New- 
castle-on-Tyne, manufacture the '' Castle " dynamo, a compact 
and well-built type of machine. The larger machines are drum- 
wound. The armature core is made up of thin plates of charcoal 
iron. The commutator bai-s are forced together by hydraulic 
l)ressure Ixjfore being clamped up. Some elaborate tests by 
Professor Kennedy on a 123 kilowatt machine, described in 
Chapter XXX., showed a nett efficiency of 95*6 per cent. 
Messrs. Holmes have applied themselves very successfully to 
the problem of obtaining a constant i)ressure from a dynamo 
when driven at variable speeds.^ The case in which this arises 
is in the lighting of railway trains by dynamos driven from the 
axles of one of the carriages. This they accomplished by a 
special combination of two dynamos, together with certain 
automatic switches. The larger dynamo is wound with two 



1 -c«< 



T various solutions of this problem see following Specifications of 
: 342 of 1889 (Mordey) ; 3420 of 1889 (Sayers) ; and 20,244 of 1880 
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circuits upon the field-maguete, iiiid its shaft i» coiijiletl tn a 
' Binallar dynamo, the fiiuction nF whiuh is to send a demagnet- 
izing current around the second circuit of the larger dynamo, 




^^^piat as tlie sgiecd rises' its magnetism falls nearly in pi-opor- 
tioD. By this menus the vol tiige is kept nearly constant, tliougli 
the speed of the train may vary fi-om 30 to 70 miles per hour, 
Parker's Dynamo* Mr. Parker of Wolverhampton (for- 
merly ot the Klec trie Construction Corporation) haaintj-odiiced 
a useful detail into the construction of the well-known bipolar 
type, in making the pole-pieces jointed, so tliat the armature 
can be lifted straight off its bearings instead of being drawn 
out horizontally. In Fig. 295 the construction with binges is 
shown. For bipolar machines of the " under " type, the lower 
halves of the polar masses are fixed in the bed-p!ate, and the 
main body of the magnet is lowered upon them after the 
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ai-matui'e is in phice. Mr. Piirker lutes the Eickemeyer method 
(see p. 310) of forming tlie coils both for bipolai' and multipolar 
nnnature, and prefers this construclioii to the use of the bars. 
By using Eickemeyer eoiU for large-current armatures the 
number of soldered joints is 
dimiaislied, and at the same 
time complete mechanical 
and electrical balance is as- 
sured. Smooth cores only are 
used. Mica insulation is used 
between the bars of the com- 
mutator, the end washers be- 
ing either of micanite or of 
red fibre covered with mica. 
Miivor and Coultmia I}y- 
namoa. — This firm constaicts 
dynamos on Sayere* patents, 
with the compensating arma- 
tui-e devices described on 
p. 395. Plato XII. depicts a 
34 kilowatt bipolar generator 
intended for power- trans mis- 
sion. It^ armature has core- 
lisks witli 108 toeth, and the main winding consists of 216 
convolutions or 432 conductoi's, 4 in each slot. The com- 
mutator has 54 segments, and there are 54 "commuting 
coils," each of 3 turns embracing each a span of 7 teeth. 
The main windings have a sectional area of 0*025 sq. inches, 
and those of the commuting coils 0.0072 sq. inches. The 
magnet winding carries 0*8 ampere with 25,300 turns, having 
a (hot) I'esistance of about 560 ohms. Tlia armature core is 
17J inches long by 9J inches in diameter. The magnets are 
of mild cast steel, to carry a useful flux of 8,000,000 lines, 
'he values of B "''(^ ^ follows: — In air-gap, 7100; in arma- 
ive body, 12.400 : in the teeth, 15,400 ; in the magnet cores, 
l.GOO; and in the limbs. 10,700, The comjilete armature 
eighs 985 lba„ Uie magnet and bed-plate complete, 2386 lbs. 
Sayera' winding enables these machines to give constant 
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pressure at all loads without compound winding 1 
magneU ; aud by careful disposition of the reversing poles 
tlie makers have succeeded In attaining the long-sought result I 
of tixing once for all the position of the brushes. The lead 
remains fixed and the running sparkless, even up to ai 
load of 75 per cent above the full noi-mal output ; nud this 
while using oiiiinaiy copper gimze brushes, not with carbon 
ihes, which cause more heating of the commutator. This 




Fig. 296.— PHtBNIX Dtoamo (1887 Type). 

particular dynamo gives 75 amperes at 450 volts when 
running at 800 revolutions per minute. The Iwaringa, which 
are swivelled to render them self-centering, closely resemble 
Fig. 255. p. 334. 

Paterton and Coope.r'i Dynamo. — The " Phtenix " dynamo, 
constructed by Messrs. Paterson and Cooper, from the designs 
of Mr. W. B. Esson, has also a modified cylindrical ring- 
annature. built up of a number nf very thin rings of Swedish 
iron separated from one another by paraffined paper aud 
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secured to two spidei-s by three bolts passing through iudeuta- 
tions in the core-rings, as shown in Fig. 220, p. 291. 

The machines have upright single horse-shoe magnets, in 
some instances made of a single wrought-iron forging slotted 
out to form the two limbs, and bored. The shaft is supported 
from two gun-metal bridge-pieces. There are generally no 
teeth on the armature-cores, which are made of plain washei-s 
to avoid cost of milling out the teeth. The conductoi-s are 
made of stmnded cable. 

Fig. 296 shows a design, in which the field-magnets are 
cast in one piece. This machine can be made at lower cost 
of equal power with a ligliter machine having wrought-iron 
magnets. In both types tliere is no joint in the magnetic 
circuit, and the magnet coils are wound upon special bobbins 
of sheet-iron flanged with brass, slipped on over the cores. 
Fig. 241, p. 314, shows the construction of the commutator. 

The constructional data of a dynamo giving 90 amperes 
at 105 volts at 1420 revolutions per minute and full calcula- 
tions of the windings, together witli scale drawings, were 
given in the previous edition of this book. 

The same makei*s liave produced arc-light dynamos to 
yield 10 amperes at pressures varying from 700 to 1500 volts. 
The following are the data of a seven kilowatt arc-lighter, for 
12 to 15 arc lamps : — 

Armature core, 32*5 cm. external diameter, 22-9 cm. internal; 
axial length, 15 cm. ; wound with 1872 turns of wire 1*2 mm. in 
diameter, in 48 sections of 39 turns each in throe layers. Armature 
resistance, 3*448 ohms. Field-magnet coils, 2, of 954 turns each, in 
series; their total resistance, 4*541 ohms. The maximum induction 
in armature is 19,080, in fiold-magnot 10,800 lines per sq. cm. The 
magnets are more highly saturated and have a relatively greater 
weight of copper upon them than in constant-potential machines. 

Shuckerfs Dynamos. — The armature of the original 
Schuckert machine was a flat ring, the core of which was 
built up of a number of thin iron disks. The windings was 
identical with that of a Gramme machine, and the field- 
magnets resembled, in general, those of the typical Gi-amme. 
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The ring was almost entirely enclosed between wide pole- 
pieces, each of which covered nearly half the ring. The flat 
ring was intended to give better ventilation and employ less 
idle wire than the cylindrical pattern of ring. In recent yeai*s 
Messrs. Schuckert and Co„ of Niimberg (now known as the 
Elektrizitats-Aktieugesellschaft), have brought out many 
modified types of machines, having the flat ring armature, 
the cores being of iron tape insulated with paper, coiled upon 
a brass foundation ring. Only the small sizes are made with 
two poles, all above 12 kilowatts being multipolar. As is the 
case with most German dynamos, the field-magnets are of 
cast iron, the commutator bare are insulated with paper, and 
the wires secured to them by screws. At the Frankfort 
Exhibition of 1891 a large number of these machines were 
shown,^ the finest of them being a large direct-driven multi- 
polar of a certain capacity of 230 kilowatts, giving 1000 am- 
peres at 230 volts, and taking 320 H.P, at 160 revolutions 
per minute. This machine wius depicted in the previous 
edition of this book. The diameter of the ring is 240 cm., 
wound with 1120 turns of braided stranded wire. The com- 
mutator is 150 cm. in diameter, with 560 segments, cross- 
connected, so as to reduce tlie number of brushes. There are 
14 poles, and the armature winding is grouped in 14 rows of 
80 turns each, all in parallel. The magnet poles project 
inwards from an external east-iron case, divided horizontally. 
There are four brusli-holders, each carrying three brushes. 
A still larger machine with 16 poles is at work in the central 
station at Diisseldorf. 

Lahmeyers Dynarnos. — Mr. Lalnneyer, formerly with a 
firm in Aachen, now chiof constructor of the Elektrizittits- 
Aktiengesellschaft of Frankfort, has for some years designed 
bipolar and multipolar dynamos^ with inward-pointing poles, 
of the type originally denominated iron-clad by Rankin 
Kennedy. 

J See article by Esson in Electrical Tierieic, xxix. 520, 1801. 

■-^See Centralblattfur Elektrotechnik, Ix. 71 and 411, 1887 ; also Eh'ktro- 
technische ZeU»chr{ft^ ix. 89, 1888. For more recent forms see Electrical 
Review, xxix. 404, 1891. 
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Of tho curlier foriiia the armature wits wound oji » jilau 
suggested by Arnold of Higa, and independently auggesled 
by Croinpton, immely, the conductors are wound between 
teeth in the i>eriphery of the core, after which the whole 
exterior of the armiiture is served with a thin layer of insu- 
lating material, and over this a layer of iron wires is wound. 
The oftieial i-eport of tlie Frankfort Exhibition of 1891 de- 
scribes a large variety of excellent machines by this firm; 
one of it» specialities being the mannfactuie of rotatory 
trans forniei-s for continuous and polyphase currents. 

Thurn'* Di/vamoK. — M. Tliury, of tlie Compagni 
rindustrio Electrique, of Geneva, has long designed gt 
dynamos. A 6-pole, hollow-drum dynamo, having its Si 
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I ni^net built up of tangential slabs, was illustrated in the 
previous edition of this ivork. The Company lias lately cnn- 

I structed several large 12-pole vertical-shaft machines to be 
driven direct by turbines (see Fig. 297). The armature, 
whose diameter is 25 metres, revolves at a speed of 45 ro^'s, 
per minulo. and yields 275 amperes at 600 volts. 

Petrozieri DynamoK. — These multijjolar dynamos with 
disk armatures are in considemble use in ligliting-atationa in 

I Paris, in various sizes up to 370 kilowatts. Tliey are nianu- 

kfactured by the well-known house of Bi-cguet. The theory 
|£ disk-winding has been treated in Chapter XII., and some 
i 
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further remarks on disk-dynamos will be found on p. 43. 
Fig 298 gives a view of one of these dynamos direct-driven. 
The ai-mature is without iron, avoiding hysteresis losses, and 
is constructed as described on j:). 282 in two hjilves, which are 
then joined together. A 150 kilowatt machine giving 1000 
amperes at 160 volts at 150 revs, per minute had an armature 
2-2 metres in diameter, weighing with its shaft 2*4 tons, 
The entire dynamo weighed 14*6 tons. 
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CHAPTER XVIII. 

ARC-LIGHTING DYNAMICS. 

In cases where lighting is to be done exclusively by arc lamps 
in great numbers, it is usual to arrange the lamps all in series^ 
even to as many as 100 to 200 lights, and to provide a 
dynamo-machine which will give a constant, or nearly 
constant, current at a sufficiently high voltage. The usual 
current for which arc lamps are designed is ten amperes. 
Some lamps are designed, however, for 8 or 6 amperes, and 
some for 4 amperes. These are therefore exceptions. On 
the other hand, the arc lamps used for search-lights and 
lighthouse work are designed to take larger currents, up to 
200 amperes or more. With continuous-currents arcs cannot 
be maintained burning steadily unless they are fed at a 
pressure of about 40 to 45 volts for each lamp. If the 
pressure is insufficient, the arcs will be unstable and give out 
a hissing sound. The steady arc behaves as though it 
exercised a counter electiomotive-force of about 39 volts. 
When arc lamps are to be used in parallel with one another, 
the mains must have a greater difference of potential than 
45 volts — 55 or 60 volts is preferable — in order that additional 
resistances may be introduced to steady the current through 
each lamp. Such additional resistances are not necessary 
when a number of arc lamps are used in series^ as they help to 
steady one another. The great advantage in the series arrange- 
ment is the saving in copper thereby effected. Alternate- 
current arcs only need a pressure of 30 to 33 virtual volts. 

In arc-lighting in series, the function of the dynamo is to 
keep the amperes constant, no matter how many or few lamps 
are in circuit ; whilst each lamp is provided with a shunt 
device which governs the movement of the carbons, so that 
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the feeding of them shall keep the length of the arc, nnj tl.e 
volts at the terminals of the lamp, appi-oxmiHt«ly coiistaut. 

We may take it, therefore, that a Bystem of 20 arcs in 
leries will require a dynamo giving a current of, say, 10 
amperes, and a pressure, when all the lamps are in use, of 
nearly 1000 volts. This allows 45 volts per lamp, and 5 volts 
more for driving the current through the resistance of the 
■wires between each lamp and the next. 

Constant-current dynamos are also needed for the 
purposes of municipal lighting by means of special glow- 
lamps (with thick carbon wires instead of thin filaments), 
connected in series, so that the same unvarying current flows 
successively through a large number of them. 

It was suggested by Deprez in 1S81, tliat by a species of 
compound winding, consisting of an initial excitation and a 
shunt excitation combined, a _dynamo might be constructed 
to give a constant current at constant siieed. The assump- 
tion which underlay his reasoning, that the magnetism is 
proportional to the exciting power, is, we know, not justified 
except for the early and unstable st^ige of magnetization ; 
all attempts to produce a practical compound winding for 
this purj>ose have therefore failed. 

For the production of constant currents at such high 
voltages as 2000 to 3000 volts the ordinary ring and drum 
armatures, wound in a closed coil, in numerous sections, and 
provided with a commutator consisting of numerous closelj'- 
packed parallel bars, have not been found entirely satisfactorj-, 
tor the commutator of this type is liable to give way under 
the high pressure, and to deteriorate under the action of long 
sparks flashing over its surface from brush to brush under the 
wide alterations of lead that are inseparable with this mode 
of working. Nevertheless, good results have been obtained 
by seveml firms (see p. 465) in tlie use of high voltages in 
machines having ordinary commutatoi-s with many segments. 

Experience, however, is in the main against the use of anna- 
tures of this typo. More simple forms are needed that will 
not break down under the conditions of work. These forms 
usually associated with other modes of construction in 

bich the armature winding does not constitute a closed coil. 
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Open-coil Dynamos. 

As explained on p. 40, it is possible toconstruct arntaturesi 
in which the sepaiatti coils or sections of the windings are! 
not united together in one closed circuit. Kn. example is 
given in Fig. 299. This diagram (whichshould bccoinpai-ed , 
with Fig. 33, p. 39) shows an anuature consisting of two i 
Keparate loops, set in planes at right angles to one another, ' 
sn that when one is passing through the inactive region the I 
other is in the position of niaxiraum action. There is no ' 
reason why these two loojjs should not have each a separate 
2-piu-t commutator like that of Fig. 24 ; and one pair of 
^ ^Imishea might press on both commutators. It is, however. 




obviously more convenient to unite these two commutators 
into a single one of four paits, as in Fig. 299 ; and then it 
will at once be seen that aa this rotates between its pair 
of brushes one loop only will be in action at once, the other 
loop being cut out of circuit for the time being. It would 
clearly be possible to arrange any number of loops or coils 
in this way so that only that loop or coil which was passing 
tlirough the position of maximum action should be feeding 
the brushes, all the rest being meantime op en -circuited. A 
ring ajmature wound Sn sections might of course be similarly 
arranged, so that the pail's of sections have each a separate 
commutator ; and Fig. 800 (which should be compared with 
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Fig. 81, p. 88) shows such a ring, but witii the two oommn- 
tators cut down and formed into a 4-part collector. 

It will be noticed that each coil is joined at the back to 
the one diametrically opposite to it, and that the front ends 
of Uie coils pass to the commutator. As a matter of fact, it 
would make no difference in either of these armatures were 
the wires which cross at the back all united where they meet. 

It will be seen tliat the position of the brushes with respect 
to the position of maximum action will not be the same as in 
the case of a closedrcoU winding. In a closed-coil winding the 
diameter of commutation is near the coils of minimum action. 
With open-coil armatures the current is led directly from the 
coils of maximum activity. 




Fig. 801.— Diagram of Open-ooil Armature. 

The current might be simultaneously collected from more 
than one coil at once, either (1) by making the pieces of the 
commutators overlap, or (2) by connecting to the brushes that 
touch on the line of maximum activity, another pair having 
either a forward or a backward lead. If we now consider 
Fig. 801 we shall see this a little more clearly. This iSgure 
is a diagram of such an armature, the coils or loops being 
here represented merely by wavy lines. 

The wavy line A C may represent either a pair of coils 
such as there are in Fig. 300 on the ring, or may represent 
a single loop or group of windings round a drum. There 
is a pair of commutator-plates for A C, and another at right 



Arc-Lighting Dytiamos. 4451 

angles for B D. CoiU A and C are just coming into ilia 
positiou of best action shown by tlie line m m' 1 tliej are 
delivering a current to the brushes P P. and this current 
will accordingly increase a little, and then decrease again. 
Meantinie coils B and D ai'e idle. If the four parts of th^j 
coraijound commutator each occupy juat a quarter of tkel 
circumference, it is clear that when A comes into action its 
■plane malces an angle of 45*' with m m', and that just agil 
it leaves contact with the brush it makes agiiin an angle ofP 
45° on tlie other aide, being iu contact with all interniediatel 
positions; and so wjfh each cnil as it passes the brushes* I 
There will be a momentary break of current and a spark | 
as the two successive segments pass under the brush, unlee 
the brush touches both at once. Remembering that Fig. 29, 
p. 38, represents the alternating electromotive-forco fmm 1 
a single loop or pair of coils, and that Fig. SO, p, 38, repre- * 
sents the same electromotive-force rectified by the use of a ' 
simple 2-imrt commutator, we shall be able to represent ' 
the effect of our new arrangement by some such diagram 
as Fig, 302, The angles marked below are reckoned from 
the neuu-al linen »'. When coil A has gone round 90° from 
this position, it is in the position of maximum induction: I 
but because segment A of the commutator is itself 90° in | 
breadth, the current will be collected from 45° to 135°. 
The shaded portions of the curve show the discontinuous 
effect due to the coils A and C coming into circuit during 
two quarters of the rotation. The coils B and D come in 
in the intei-vals as indicated by the dotted lines. The , 
induced currents will therefore present an approximate con- 1 
tinuity depending on the arrangements of the commutator J 
and the brushes. Fig. 303 represents the effect if there were I 
^ps between the segments and the commutator; and it will \ 
bo noticed that the electnmiotive-forces, though all of the 
esigii, are discontinuous. If the bnishes thus left contact 
hone segment of the commutator before the nest come into 
mctact there would inevitably be a considerable amount of 
sparking. Fig. 304 shows the result of making contact with I 
one set before the olhtr set is cut out; the induced electro*,J 
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motive-force being now continuous, but witli undiilaliti^ 
fluctliatinits of strength. During the time wlieii both sets of 
coila are in contact with the brushes, tliey ai-e, of course, in 
pamllol with one anoiher. During this stage of the action 
the resistance of the armature is half as great as when one of 
the coils is cut out; but it ia necessary to cut out tiie idle 
ooil, otherwise some of the current from the active coil would 
flow Itai^k uselesiily tln-ough the idle coil that was in parallel 
with it. During the time when tlie two seta of coils are in 
pai-iillot tliey afe not equally active. The induced electro- 
motive force is increasing in one and diminishing in the 
other; there is but a moment when they are equally active 
— when thoy make equal angles with m m'. At all oth 




L^ Btruct 



moments the higher eleclrninotive-force of the more active 
coil tcnda to send a buck-current through the less active coil. 
This is to a certain extent opposed to the self-induction of 
the less active coil, and if contact is broken just at the moment 
when the higher electromotive-force has reduced the current in 
the less active coil to zero, the commutation will be sparkless. 
From what has now been said, it will be clear that open- 
coil armatures may be constructed either as rings, drums, or 
disks. They may be arranged to run either in a simple or 
ill ft multiple magnetic field. The piincipal dynamos con- 
Btructed upon this plan are the Brush machine and the 
■Houston machine ; but there are a few others which 
come within the category of o|>en-coil dynamos. 



^ 



4rt-Ltghttng Dynamos. 

Bru^IiK Dynamo. — Oue of the best known of tbessi 
machines is theBruBhdynaoio (Fig. 306). The magnet heads T 
are insulated with sheets of the so-ciiUed vulcanized 6bre, I 
thoroughly varnished. The cores are, however, first sur- 
rounded M'ith a thin sheet of copper, soldered togetlier at the 
edges so as to form a continuous tube or envelope. The 
object of this copper coating is to deaden sudden vibrations of 
niitgnetism of the iron cores. Over the copper envelope arej 
wound four or five thicknesses of very heavy paper saturate< 
with shellac varnish to inaulate the wii-e from the iron. Iffi 
some of the Brush dynamos there is a double winding, a shunt I 
or " teazer " circuit being added to maintain the magnetisiQ:l 



ft 
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Fia. 303.— Core op Brush Rino. 

the field-magnets when the main cuiTent is opened. An 
automatic regulator, consisting of a carbon rheostat connected 

a shunt to the magnet winding and operated by a solenoid 

the main circuit, is applied to keeping the current constant 
see p. 224, and Cliapter XXIX.). 

The armature has, like the Pacinotti ring, projecting teeth j 
between the coils, but, unlike that early form of armature, tlis ^ 
successive sections are not connected in a closed circuit. 

The ring is built up of a thin iron ribbon 1'5 millim 
thick. Fig, 305 shows its construction, though in reality ! 
a larger number of pieces of thinner iron than is shown are | 
used. The ribbon is wound upon a circular foundation ring 
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K\ projecting cross-pieces of the same thickness (marked H) 
being inserted at intervals to separate the convolutions, 
admit of ventilation, and form suitable projections between 
wliich to wind the coils. It is secured by well-insulated 
radial bolts. All iron parts which are to adjoin the wire of 
tlie *' bobbins '' are covered fii-st with a layer of strong heavy 
canvas saturated with shellac varnish, and in the case of 
the aimature of the larger machines there are additional 
layei's of tougli paper satui-ated with shellac varnish. A sheet 
of strong cotton cloth inserted occasionally separates con- 
tiguous layers of wire from each other both in the armature 
bobbins and in the coils of the field-magnets. All the bobbins 
are wound bv hand, in the same direction, and the inner ends 
of diametrically opposite bobbins are soldered together, and 
carefully insulated from all other wires and adjacent metal. 
The free outer ends of each pair of bobbins are separately 
carried througli a boring in the shaft, and connected to dia- 
metrically opposite segments of the commutator. 

For eaoh pair of coils there is a separate commutator. 
In ilio No. S L sii'o of machine, which is depicted in Fig. 306 
thoro are 1- coils on the armature, six commutators grouped 
in three imi-.-s. aiui tl.rcc sets of briislit^s. This size is com- 
mo:*ly kr..^\\!; as a -M^'V.iclit " macLiiie. Its electromotive- 
tVvv c a: a s:vea of S'.'O revv^/.;::o::s i^^r minute is 3000 volts. 

\\\ V o">.vu:i::c *':. ' !.;e:V.v\: ::; wi.i.li the coils are joined up 
to ;::v- co!-:::;::a:.\. \\ c wi:: t.ikv :::e case of an 8-coil 
aviM;;:ic \. •* :! . v\v-:- .;:a:,vs i:r^:::e'i ::i two pairs: it will 
Iv ..iN\ i.^ c\:.-.l ::- :::.::;>• :, -v^ ^^^^^ of a twelve- 
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1 1 • ^ . • ■ . 
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\ x^V.. '.i .\ :v ,>.;.;.• _{ • -v.. ,,. ..^-,.-^ '.,^. r,^;^tj„jT the tWO 

: * * ' -^ ** '. ^. . *. . :.'. : ^: . ; .s overiap iliose of 

^ -* ^ ;-.*: .';o*.: .^..s that is at right 

"*' '* ** .'^ " ^*' '■'■^ iN '..s: V,: •: > :h eomiuutators. 
l: : •^: N \ .: .»-:avi ;i>- ^; -^ :' ^ :,, , Eaoh pair of 
vcviMu'M.N .*Nc::.»)^ i!vo:lvi loi'o.v:;' ; /! ^o^ Each of thc 
lAo iM i> .1 .ojIn »n ih«,N ,u; ou: ;« .V .;.::.:— a revolution; 
II »x iNxuv iu cm^uil lO^MHK «i» ^W» i!v ir.:s>.^> are at A A', 
'^*^' ^^^'^ • nA Ihe VAir tbat are at 
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" right angles, when the brushes are at B B'. Fig. 308 showsq 
pei-spective the commutator of aii 8-coi! Brush armature, 
j( ; There are really four commu- 

tators here, corresponding to tlie 
four [lairs of coils, grouped in 
paira ; one pair of commutatoi-s 
\ being set one-eighth of a rotation 
I (45") in advance of the other. 
I It will be seen from this figui-e 
' that while the brushes A A' 
(shown in dotted lines) are re- 
ceiving current from one pair of 
coils only, the brushes B B' are 
at the same instant receiving 
the current from two pairs of 
I JiH. 807.— PAmoFOvKBi-APPiNo coils which are joined in parallel 
CoMKUTAToss. With OHC anothcr in consequence 

of both of their commutators 
touchiDg the same pair of brushes. The arrangement may 
be still further studied by the aid of Fig. 309, which also 





Fio. 308.— Or LI; 



L illusti-ates tlie way of connecting the brushes with the circuit. 
1 this figure the eiglit coiU are numbered as four pairs, and 
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each jjair has it« own commutator, to which pass the outer 
tjniU of the wire of each coil, the inner euda of the two coils 
being united across to each other (not shown in the diagram}. 
Ill the ai:r,ua! iimcbine, each pair of coils, as it passes through 
the position of least action (i. e. a position somewhat past 
the vertical dotted line midway between the poles (Fig. 309), 
mid when the number of magnetic lines jjassing through it is 
a maximum, and the rate of change of these magnetic lines 
a minimum) is cut out of connection. This is accomplished 
Uv causing the two halves of the commutator to be separated 
from one anoUier by about one-eighth of the circumference at 




Fig. 30B.— Connections of Bbush Dyn, 



e»ch side. In the figure it will be seen that the coils marked 
l.l.are "cutout." Neither of the two halves of the com- 
iiiitaior touches the brushes. In this position, however, tlie 
loils 3, 3, at right angles to 1, 1, are in the position of best 
"(^tioji, aud the current powerfully induced in them flows out 
*'ttlie brush marked A (wliich is, therefore, the negative 
''riish) into that marked A'. This brush is connected across to 
"le bniHh marked B, where the current re-entera the armature. 
.'nw. the coils 2, 2 liave just left the position of beat action, 
""(I the coils 4, 4 are beginning to approach that position. 
In both tliese paii-s of coils, thei-efore, there will be a rather 
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weaker electromotive-force. The current on passing into B 
splits, part going through coils 2, 2, and part through 4, 4, and 
reuniting at the brush B', whence the cuiTcnt flows round tlie 
coils of the field-magnets to excite them, and then round 
the external circuit, and back to the brush A. 

Thus tlie coils in which there is a maximum electro- 
motive-force are joined in series with coils in which the 
electromotive-force is weaker, though by a method diffei-ent 
from that employed in a closed winding aimature. As the 
armature rotates, coils 4, 4 come to the position of maximum 
electromotive-force, and they are then in series with coils 1, 1 
and 8, 8, so that the electromotive-force of the machine varies 
very little with the change of the position of the coils. In 
some machines it is arranged that the current shall go round 
the field-magnets, after leaving brush A', and before entering 
brusli B. 

The following table summarizes the successive order of 
connections during a half-revolution : — 

First position. (Coils i, I cut out.) 



A - 3 - A' ; Bv ^B'' ; Field magnets - External circuit — A> 



Second position. (Coils 2, 2 cut out.) 

/' \ 

AC >A';B — 4-B'; Field magnets- External circuit- A. 

Third position, (Coils 3, 3 cut out.) 

/'\ 
A - I - A' ; B <C y B' ; Field magnets - External circuit — A., 

Fourth position, r (Coils 4, 4 cut out.) 

A \^ > A' ; B - 2 - B' ; Field magnets — External circuit - A. 

By rocking the brushes by means of the appliance pro — 
vided for that purpose (see Fig. 306), a point can be found afc 
which tlie sparking is reduced to a minimum (see p. 450). 

From the foregoing considerations, it will be clear that th3 
four pairs of coils in the Brush machine really constitute fouT 
separate nifichines, each delivering alternate currents to a 
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I commatAtor, Tvhich commutes thum to intermittent unidirec- 
tional currents in tlie brushes; ami tliat tljeae independent 
machines are ingeniously united in pairs by the devicu of 
letting one pair of brushes press against the commutatoi's of 
two pairs of coils, P'urther, that these paired machines are 
then connected in series, by bringing a connection round from 
brush A' to hrnsh B, 

In the 12-coil machine (Fig. 306) there are three pairs of 
commutators, the segments of each pair ai-e joined to four 
coils at right angles to each other, and the pairs are mounted 
on tlie shaft so that the fli-st pair joined to coils 1, 4, 7 and 10 
having a lead of 30° in advance of the second pair jointed to 




Fig. 310, — CoN^'^;tTIO^"s of 



coiU 2, 5, Sand 11, and the third pair joined to coils 3, 6, 

9 and 12 have a lag of 30° behind the second pair. The way 
tlie brushes are connected up in series is shown in Fig. 310. 

Multipolar Brush machines are now made to be driven 
<lin)ct from the engine shaft. At the sUtinn of the Mutual 
Electric Light and Power Co., Chicago, there are three 
nacliines driven direct by Willans engines at 500 revolutions 
per minute. Each machine is capable of liglitiiig 12.5 arc 
liun|M in serien. The automatic regulatorregulates so closely 
llmt any number of these lamps maybe thrown off and on 
ivith impunity. The armature of these machines is 39 inches 
uidiametcr and has 24 coils, that is six sets of four coils each. 
All tlie coils in any one set are in the same [wsition relatively 

10 the four poles, and are joined in series just aw two coils are 
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joined in series in a 2-pole machine. The connections to 
the commutators are on exactly the same principle as in the 
case of the 12-coil armature considered above, with this modi- 
fication, tliat a difference of position of 45** on the armature 
corresponds to a difference of 90° in the 2-pole machine. 
Kach of the three portions of the commutator, therefore, 
consists of eight sections, instead of four sections ; the sections 
(hat are diametrically opposite being interconnected. 

Some clalKirate tests on Brush dynamos, with two different 
{Kittcrns of armature, were made ^ in 1889 by Mr. Murray of 
Melljourne. These showed commercial efficiencies of about 
09'8 per cent, in madiincs with core-plates 0*05 inches thick 
and of alK)Ut 7H jier cent, in tliose with core-plates 0*022 inch 
thick. The value of H attained were about 4800 in field- 
magnet cores and 27,000 in the armature cores. The fluctua- 
tions of the current were alK)ut 1*5 i)er cent. 

For further tests see Thurston in Jourixal of Franklin InaiUute^ 
Bept. 1K8G. C'onsult also a small volume, *^ Electrical Elngineers* 
and Students' ('hart and Handbook of the Brush Arc Light 
8yst(}m,"by II. V. ll<?aKan, jun. (New York, 1895). 

ThomHoU'ILmHton Dynamo, — This machine, which is 
ecjually remarkable, wjus designed by Professor Elihu 
Tlionison of Lynn and Edwin »J. Houston of Philadelphia. 
It is unique in liaving a spherical armature with a 3-part 
<;ommutator revolving between the cup-shaped poles of an 
introv(irted iield-niagnet. As will be seen from Fig. 311, the 
iield-niagnet core consists of two flanged iron tubes furnished 
at tlieir inner ends with liollow cups cast in one with the 
tulxjs, and accurately turned to receive the armature. Upon 
the tubes are wound the coils C^ C, and afterwards the two 
pai-ts are united by means of a number of wrought-iron bars b 6, 
which constitute the yoke of the magnet and at tho same 
time protect the coils. The nuignets are carried on a fmme- 
work, which also supports tlie l)earings for the armature shaft 
X. The original form of the armature, shown in Fig. 311, had 
a very remarkable winding. Tliere were but three coils. The 

^Journal Inst. Electrical Engineers^ xvii. 710, Xov. 1889. 



inner ends of tbese were united together and not eonnevted to 
any other conduclor. The three wires were then wound over 
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an iron shell in three seta of windings making 120° with one 
another, and arranged to be at equal average distances from 
the core, whiie tlieir overlapping made the external form 




' Thomson Houston Dynamo. 
Y sphencal The new rmg armature Fig. 312, has s 
a of coils Arnnged m three pain. The three pairs a 




I connected star-wise, having a common junction 

r three of their ends, the three other ends of the wires being 

brought down through the hollow shaft, and joined to the three 

segments of the coraniulfttor. The coils are replaceable singly. 

When this armature is rotated within the cavity between 

the cup-shaped poles alternate currents are generated in each 

coil in turn, and it now remains to consider how these alternate 

inductions are rectified and combined by the commutAtor. 

In the diagrams which follow, the rotation is represented as 

left-handed, as viewed from the commutator-end of the shaft. 

^Ba it is in practice. Fig. 313 represents the an-angement in 

Jdiagram. The three ooils represented diagrammatically by 




the three lines ABC, are united at their inner extremiti 
each outer end being led to one segment of a 3-part com^~~ 
mutator. There are two positive brushes P and F, and two 
negative brushes P' and F'. The current delivered to P and 
i^ first flows round one of the field-nmgnets, thence goes to 
the outer circuit of lamps, returning through the other field- 
IBagnettoP' iindF'. The reader should compare this diagram 
rith Fig. 309, and note that in that figure the neutml line 
i the armature obliquely into two halves, the induced 
urents flowing outwardly from centre to commutator in all 
ails that are rising through the right-hand half of this obliquely 
ded circle ; and inwardly from commutator to centre in all 
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coils desceuding tlirougli the lefUmud half of the rotation. 
Accordingly, iii Fig. S13, in which the neutral line is at right 
angles to m m'. there will be an outward current in A and 
an inward one in C ; B being for the moment cut out of 
circuit On it pajtses through the neutral position. Continuity 
18 obtained by the device mentioned on p. 448, of having the 
second pair of brushes F F' following the pair P P', In this 
position of the armature A and C make about equal angles 
with the line of maximum action m m', hence the two electro- 
motive foi-ccs in these coils are for the moment about equal, 
but that in A is increasing, that hi C decreasing. As tliese 
coils are now in series, theii' separate electromotive-forees are 
of course added together. A moment later A will be in the 
portion of maximum induction ; C will be rapidly appi-oach- 
iag the neutral position and B will again begin to have 
e 1 ecti-o motive- fore e induced in it, B and C will for the 
moment be in parallel with one another and in series with A. 
Then C comes to the neutral position and is cut out of cir- 
cuit, while A and B are in series, and so fortli. 

If the width of the gaps between the segments of the 
commutator be equal to the width between the adjacent 
brushes, each coil will be out of circuit whenever it is more 
than 60° from the position of maximum action, and the time 
during which any two coils are 
inparallel will he practically nil. 
But if the brushes F F' follow 
at a considerable angle — about 
60" in practice — behind the 
brushes P P', there will be con- 
siderable duration of the stage 
during wluch two coils are in 
parallel. 

The regulation of this ma^ 
chine to maintain a constant 
corrent is accomplished by an au- 
tomatic shifting of the brushes. 
The actual method now used is termed "backward" regu- 
lation. The pair of "following" brushes F F' is shifted 
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backwards to ff as shown in Fig. 314, whilst at the sain 
time the leading brushes P P' are shifted forward thi-ough an 
angle one-third as great towai-ds pp'. If, as stated above, the 
brushes are 60° apart under normal coaditioiis, there wilt be 
exactly 120° on either side between the positive brushes P F 
and the negativebrusheBP'F'; and as 120° is the exact length 
of each segment of the commutator, no coil will be cut out. 
and imralleliBm will subsist between two coils through angles 
of 60° : that is to say, there will always be two of the three 



coils in parallel with one another and in s 
coil. The six stages of change will be :— 



s with the thi) 



^i4«- 



Fiom external circuii- 



/r - Bx /P\ 

— < ^AC >— — to fxlemal c 

\p' - c/ \f/ 
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ircuit / y 

\P - A/ 

- —/'■■\c/°"''\ , 



:-p\ 

3-f/ 



] 



to external circuit. 



Now suppose the current to become too strong owing to 
reduction of number of lamps in circuit, the "following" 
brushes ai-e made to recede. This will shorten the time during 
which any single coil in passing through the maximum position 
is throwing its whole electromotive-force info the circuit, and 
will hasten the moment when it is put in parallel with a 
comparatively idle coil. During such movements of regula- 
tion the whole machine is momentarily shortKiircuited six 
times during each revolution by F receding bo far towards 
P', and F' receding so far towards P, as that both touch tbs 
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same segment of the commuUtor nt one instant. The action 
13 assisted by the slight advance of P and F', but the main 
object of this advance is to lessen the sparking. If the cur- 
rent is too weak, then the pairs of brushes must be made to 
close up, thereby reducing the time during which the most 
active coils are in parallel with those that are less active. 

Regulating Orar. — This tnntion oC advance and retreat ia accompliBbed 
by the simple link -gear not shown in any of the fibres. The automatio 
movement b imparted by the regulating electromagnet R (Tig. 315), 
whuse pole, of paraboloid al form. tMrtucta its armature according to tlie 
cuirent Sowing round it, and raises tbe arm A. The circuits wbich 
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op«iT8t« this mechanism are also shown. Normally the electromagnet 
B is Bliort^ircuited through a bye-pasa circuit, and only acts when tliia 
cdrcuit is opened. At some convenieal point of tlie main circuit two 
solenoids are introduced, their cores being Bupiwrted by a spring ; and 
the yoke of the cores operates the contact lever 8. If the current be- 
ooroea too strong this contact is opened, and the regulating magnet R 
laises the arm A. During running the lever S is continually Tibrating 
up and down, and ho altering the brushes to the re^tnirements of the 
cirxwit. A carbon shunt of high resistance r is added to minimize the 
destniotive spark at S. It might be expei/ted that with only three parts 
to the commutator, the sparks occurring as thf> segments pass under the 
brushes would speedily destroy tbe surface. This difliculty has been met 
by Prof. Thomson in the boldest manner. By means of a small me- 
chanicAl blower, fixed upon the shaft behind the commutator, intermi 
timt blasts of air are blown exactly »t the right moment so as virtually 
blow out tbe qiark. The three segments of the commutator are separated 
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by gapii ; and in front of each of the leading brushes tiwre projectB a 
' nozzle which discharges a blast, alternately, three times in each reTobniocL 

Advantaget of Open-coil Di/namos. — The two g^reat typical 
open coil dynamos — those of Brush and of Thomsoo-Hoostoo 
— appear to have certain qualities which render them specially 
applicable as constant-current dynamos for series arc-lighting. 
A considerable proportion of all the arc-lights in the world 
are run by one or other of these machines. It would seem 
that the closed-coil dynamos, whether of the ring or of the 
drum type, are not so well adapted for furnishing the very 
high electromotivo-fonies needed for this work. The commu- 
tator, with its many parallel bars insulated with mica (which 
is tlie indispensable adjunct of the closed-coil armature), 
raj)i(lly det43rioraUiS wlien exi)Osed to the inevitable sparking 
and wide alUjrations of lead wliich are inseparable from the 
constiint-ijurrent method of working. For this method of 
distribution of ehjctric energy, nothing will stand wear and 
tear so well as the simple air-insulated commutators described 
in this (;liaj)ter. As a j)artial set-off against these advantages 
may Ik? ro(;koned the somewhat lower plant efficiency of open- 
coil niacJiines. Tlie Ihuituations in the current in well- 
designed niju^hines luv, jnacitically negligible. Mr. Mordey 
jMissiid thecurniiit from a Inrush machine through thesecondary 
coil of a trans fornuir, and found that no measurable difference 
of ])ot<5ntial was produced at the terminals of the primary. 

Sonuj tcjsts of a (ilosed-coil arc dynamo have been published 
by Owen and Skinner in the * Proceedings of the American 
Inst. Electrical En^jfineers ' for 1803. 

A si)ecial study of tlio curves of induction in the armature 
of a Thomson-Houston arc-light machine has been made^ by 
Mr. Milton E. Thompson, who found the total current at full 
load to fluctuate between five and eight amperes, six times in 
each revolution, the mean current being 6*8. The fluctua- 
tions of electromotive-force in each individual coil were very 
remarkable ; the curves being singularly irregular, falling to 
near zero twelve times in each revolution. 

1 Electrical World, xvll. 392, 1891, and Electrical Review, xxviii. p. T73, 
1891. 
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Other Akc-Light Machines. 

vdley'g Dynamo. — Mr. C. S. Bradley has constructed a 
dynamo with a clused ring armature, ia whicli the difficulty 
of commuting at high pressure is reduced by having four 
distinct commutators, the brushes of which ai-e joined in 
seriea. A machine of somewhat similar type, designed by 
M. Hunnuzescu for testing purposes, is described in the next 
chapter. 

Sprrry't Dynamo. — An arc-light dynamo with a Gramme 
armature is that of Speny, the distinguishing feature of 
which is the use of internal as well as exteraal pole-pieces. 
It was illustrated in the previous edition of this book. 

WooiTs Dynamo. — This is also a modified Gramme 
machine.' To obviate sparking, there is an auxiliary brush 
placed 5 to 10 sections ahead of tlie collecting brush ; and the 
voltage is varied by a device wliich shifts the brushes forward. 
The width between the auxiliary brush and that behind it 
is varied, being narrow where commutation has to occui' in 
strong fields, and wide for weak iieids, thus securing sparkless 
reversal in either case. One of the largest arc-lighting stations 
in the world, that at St. Louis. Missouri, is supplied with 63 
of these dynamos, each capable of feeding 60 arc lamps. 

Phisnix Arc Dynamo. — Mr. W- B. Esson designed arc- 
light dynamos' for Messrs. Paterson and Cooper, using 
Gramme ring armatures ; and found no difSculty in construct- 
ing them from 800 up to 1500 volts. To pi-omote sparkless 
collection in all positions of the brushes, the field in the gap 
space must he very constant. Hence in such machines the 
magnets are made with a less quantity of iron carried to a 
higher degree of saturation. 

Statter's Dynamo. — Another example of a constant-current 
dynamo, with an automatic regulator to shift the bnishes, is 
afforded hy Statter's machine, in which, by a careful shaping 

' See Sleetrleal World, xli. April m, 1S87, and xlv, 64 and 200, ISSO; 
ftlao STil. 4. lOTl. 
' Journal In*l. SlteMeal Bnaineeri. six. 161. 1S90. 
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of the pole-faces, a disposition of the rongnetic field is ob- 
tained which pennits the machine to run sparklessly. 

Many other makers, Mr. Croiopton, Messrs. Mather and 
Piatt, Messrs. Siemens Bros., Messrs. J. H. Holmes & Co., 
make good arc-Ught machines, with the general featui-es of 
olosed-coil armatures, commutators having many parts, and 
magnet^ores well saturated. 

F. B. Crocker ' has pointed out that it is desirable to use 
carbon brushes with liigh-voltage closed-coil dynamos, os 
copper weara off on the mica insulation, causing a thin film 
of copper which promotes sparking. 

He has constructed a 5 horse-power continuous -current 
dynamo having 108 parte in the commutator, capable of 
yielding 11,000 volts. 

Drooping Characteri»tii:». — A method which, though not 
in itself securing constancy of current, is much followed in the 
construction of arc-lighting dynamos, should here be ex- 
plained. Attention was drawn on p. 205 to the drooping 
form of the characteristics of certain series-wound machines. 
It is obvious that if tins effect is sufficiently exaggerated, the 
drooping portion of the characteristic will correspond to the 
case of an approximately constant current. The drooping 
characteristic is important (see p. 223) in promoting the 
flteady working of arc lamps in the circuit. 

The causes that tend to cause the characteristic of the 
series dynamo to turn down after reaching a maximum 
height are : (1) the demagnetizing effect of the armature 
cun-ent when there is a positive lead at the brushes ; (2) the 
saturating of the iron of the armature core and that of the 
field-magnets; (3) the leakage of magnetic lines from the 
field-magnet; (4) the peculiar commuting arrangements in 
certain machines — for example, the open-coil dynamos men- 
tioned previously — which make their effective electro motive- 
force vary greatly with tlie position given to the brushes; 
(5) high internal resistance, and self-induction. As the 
demagnetizing effect of the armature current is nearly pi-o- 
portional to the current and to the angle of lead, and as the 
Addrwa before Glectricftl CoDgresB, Chicago, Aug. 24, 1893. 
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angle of lead is itself nearly proportional to the armature 
current, it follows that the whole demagnetizing effect is 
nearly proportional to the square of the armature current. In 
Fig. 316, let the curve E^ represent the electromotive-force (at 
a given speed) when the field-magnets are separately excited, 
the armature circuit being left open ; this includes the effect 
of (2) and partially (8) above. 
On the same diagp-am a curve 
having ordinates proportional to 
C|, and of such a magnitude as 
to represent the demagnetizing 
action of the armature current, 
may be plotted. Deducting the 
ordinates of this curve from 
those of curve E^ we get curve 
Ej, the drooping characteristic. 
The trouble with all machines of 
this class is the sparking at the 
brushes consequent on the varia- 
bility of the angle of lead. 

The effect of a drooping characteristic can to some extent 
be obtained by inserting in the external circuit a resistance 
of from 1 to 2 ohms. And this is preferable to having an 
internal resistance that would add to the heating of the 
armature. But such auxiliaiy resistance should be coiled on 
an iron core, since self-induction here is of value in steadying 
the current. 

CanBtant' Current Regulators, — A number of devices 
applicable to arc-light dynamos are described in Chapter 
XXIX. 




Fio. 816. 
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CHAPTER XIX. 

MISCELLANEOUS DYNAMOS. 

In thi» chapter are included Dynamos for Electrometal- 
lurgy, Ilomopolar Dynamos, Disk-Dynamos, and other mis- 
cellaneous foi-ms. 

Dynamos for Electroplating and Electro- 
metallurgy. 

Special forms of continuous-current dynamos are needed 
for the work of electroplating, electrotyping, and the electro- 
lytic treatment of ores and purification of metals. In general, 
low electromotive-forces and very large cunents are requisite, 
for the (juantity of metal deposited in tlie bath depends upon 
the quantity of amperes of current only, and not on the 
number of volts of electromotive force. And thougli a few 
volts are necessary to drive the requisite current tlirbugh the 
resistance of the circuit, the number is in every case small. 
To decompose water electrolytically requires less than two 
volts. To deposit metal in a bath in which the anode is of 
the same metal as the deposit requires usually a very small 
electromotive-force. In general, if too great an electro- 
motive-force is employed, or if the density of current (i. e. the 
number of amperes per unit of area of kathode surface) is 
permitted, the metallic deposits will be uneven or pulverulent. 
All these circumstances point to the construction of dynamos 
having at most but four or five volts of electromotive-force, 
but so designed as to have an exceedingly low internal 
esistance. If, however, as in some processes where equal 
rrents are wanted in a number of tanks, the tanks are 
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placed in aeries, the voltage needed will be gieater in pro- 
portion to the number of cells. For example in Castner's 
process for making caustic soda by electrolyzing common salt 
Bolutioii. each tanli needa 2*3 volts, so twenty tanks in series 
will need 46 volts. 

The first application of a dynamo to the purpose of electro- 
plating is due to Mr. J. S. Woolrieh, who in 1842 patented 
this use of a magneto-electric machine. Wilde, however, was 
the first to construct machines really fitted for the puipose, 
when he invented the principle of using a large dynamo, the 
field-magnets of which were sepai-ately excited by the currents 
of a smaller magneto machine. His first machines, which 
were used for manj- years by Messrs. Elkington, had small 
exciters of the old Siemens type (Fig. 23), mounted upon 
electromagnets of the form shown in Fig. 100, No. 1. Both 
armatures were of the old shuttle-form, introduced by Siemens, 
and the larger one required to be kept cool by streams of 
water. About the year 1867 Wilde introduced a multipolar 
machine with a redressing commutator. Weston introduced 
a small machine for nickel-plating whicli had steel cores to. 
the magnets but with main-circuit coils upon them, and an 
automatic cut-off to break the current, to prevent tlie mag- 
netism from reversing by a back-current from the bath. 
The commutator merely rectified the currents (p. 38) without 
rendering them continuous. This is a bad feature ; the fiuc- 
toations of the current ought to be reduced to a minimum 
by employing a many-part armature with a proper collector. 
Elmore built large dynamos, for copper refining, with eighteen 
electromagnete in each crown, yielding a current of 3000 
amperes at a potential of seven to eight volts. Such a machine 
would deposit over 26 lbs. of cupper per hour. The field- 
magnet coils were unfortunately in series with the main circuit. 
All electroplating dynamos should be shunt-wound or they 
are liable to reverse their polarity. Gi-amme in 1873 built 
special forma of very low resistance with strip-wound arma- 
tttres having a commutator at each end, and giving 1500 am- 
peres at 8 volts. Siemens and Halske also were early in tiie 
field with machines having bar armatures, which they em- 
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ployed St thar electrolytic works a£ Ofcs.^ Brush mlso con- 
strocted Luge inaphin<»s of low reaisouice fcxr electioplatiiig 
purposes. These mai^hmiMt had couae wire c<hIs connected 
in aeries* and a shunt* or so-called *^ ceazer '^ coil, of finer wire 
to maJTirm^n the magnedsm wfaiHL the main drcnit was opened; 
thos enabling the mfu^hine to do either a large or a small 
amount of wco'k without fear of reTusing the current. The 
Yoltage of this machine Taried only from 3-3 to 4-1 volts, 
whilst the current varieii from 3*» amperes to zero. 

Other dynamos have been designed for electroplating 
and electro-metallorgical work by nearly all the important 



An ElwdlrParker depositing dynamo * gave 1500 amperes at 50 
Tolts at 450 revolutiocs per minute: a 4-poIe shont-woond dram 
machine, with $<) stranded conductors, each of 0*2 square inch sec- 
tion, on the drum, and a 4«j-part commutator. Armature is 20 
inches long and 22 inches diameter, with an unusually Icmg com- 
mutator. Four sets of brushes, five in each set. Length of active 
conductor 164» inches. At peripheral speed of 2500 feet pa* minute 
generates 1 volt for each S inches of conductor. 

A 5<J kilowatt dynamo, by Paterson and Cooper.' for producing 
bleaching liquor electrolytically. gives 12iX) amperes at 42 volts. 

Another 5<) kilowatt dynamo, designed by Hopkinson^ for copper 
refining, gives 10<X) amperes at 50 volts, at 400 revolutions per 
minute; resistance of armature <)'(»16 ohm; commercial efficiency 
93 per cent. ; total weight 5i tons. 

A plating dynamo by Stafford and Eaves > has scdid and simple 
magnetic circuit with one exciting coil and a ring armature with 
only eighteen sections, giving 150 amperes at 6 volts at 640 revolu- 
tions per minute. 

In dynamos for such purposes the requirement of large 
current and very low voltage introduces difficulties into the 
design, for the voltage cannot be obtained low enough without 
having either very few convolutions on the armature, or else 
a weak field-magnet, or else a very slow-speed machine. 

» 8«« Elfiktroterhninrhe Zeitfichr\ft, li. 54. 
« Klectricinn, xxl. 183, 1888. » iWd., p. 181. 

Ibid, xvll. 02, 1880. * Ibid,, xviU. 600, 1887. 
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Slow-aiieed machines are always costly in proportion to 
tlieir output. Machines with weak magnets give trouble 
with sparking. Machines with few massive conductors and 
few parts in commutator give trouble in sparking, and are 
liable to heat from local eddy-currents. A stranded con- 
ductor should be used, or several independent windings (see 
pp. 272 and 406), all put in parallel by brushes of special 
thickness. 

Sayeis has proposed an ingenious device to enable currents 
to be takeu from a machine at various voltages The pole 
surfaces are subdivided b} deep nicks as in tig 317, thus 
providing several neutral points on the commutator at 
vhich brushes may be placed 
without sparking Thus, 
for example, whilst the 
potential between the two 
main brushes maj be 10 
TOlts, an intermediate biush 
may be employed to divide 
this into 7| ^ults foriuckeling 
and 2i volts for silver-plating. 

Messrs. Cromptou & Co. 
have devised a method of 
dividing the main leads be- 
tween two pairs of brushes 
toucliing adjacent bars of the commutator, and are thereby 
enabled to construct their plating machines with fewer parts 
in the armature. The divided leads fiom the dyimmo to the 
plating tanks cost no more than a single undivided lead 
would do, but they interpose a comparatively large resistance 
iu tlie path of the local current from the shortK^iicuited 
section. 

For the special purpose of the alununium industry several 
types of machines have been developed. Messfs. Crompton 
& Co. buitt a very lai^e 2-pole drum machine.' capiible of 
affording 6000 amperes at 60 volts. Mr. C. E. L. Brown' 

■ Aeetricfan, »i, 590, 1888; ftUo La Lurnf^? Ktectrique, x 
UBB. 

* La LumOn ElecMque, sss. SOS. 1838; Klectridan, zxl. 7KT, 1 
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deaigned for the Oerlikon Woika some 6-pole iiiac}imes for 
6000 iimperea at 20 volts at 180 revolutions per minute. The 
armatures have each two separate windings with a commu- 
tator at each end, and at each commutator 36 brushes, 
arranged in six seta of six each. The field-magnet is likftj 
Fig. 108, but with six poles, and cast in one piece. Thftl 
aiuiaturB is 38 inches in diameter and 24 inches long. ThorB 
windings were at first embedded in holes in the core-disks jT 
but as troubles arose about insulation, the core-disks ' 
turned down and the armature i-e-wound with external coB" 
ductors. Although there are as many brush-setti as poles 
rendering cross-connection of the windings not absolutely 
necessary, yet such cross-connections are added to ensui 
equalization of the currents, equipotential segments of 1 
commutator being internally cross-connected by rings witlj 
three projecting lugs. Mr. Brown has also made some 8-poU 
machines for an output of 14,000 amperes al 30 volts. Thi 
8-pole and 24-pole generators of the Oerliken Company a 
described on p. 412 above. 

Some statistics relating to electro-metallurgy will be foum 
in Appendix B. 

Itn central-station work where batteries of accumulato 
) used, the usual practice is to employ shunt dynamo! 
capable of giving 25 or 30 per cent, higher electromotivi 
force than that at which the battery is to discharge; 
their circuits are usually arranged so that the mains can 1 
supplied, according to demand, either from the dynamos a 
accumulators together in parallel at the time of maximui 
load or from either separately. 

Whenever dynamos are wanted for the sole purpose 
charging accumulators, it is better to design them apecialljjj 
so that their magnets are not too highly saturated undei 
working conditions. For then, during charging, when I 
counter electro motive-force of the cells gradually rises, 
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Toltage of the dynamo also rises automatically, instead of 
remaining nearly constant as it would do if the magnetism 
were incapable of further rise. The result is that the charg- 
ing current remains more nearly constant without interven- 
tion of an attendant. 



Extra-High Pressure Dynamos. 

For transmission of power to long distances by continuous 
currents, and for laboratory purposes, dynamos are occasionally 
required giving extra-high j^ressure. Croker ^ lias constructed 
a macliine yielding 0*3 of an ampere at 11,000 volts, the com- 
mutator consisting of 108 parts. He recommends carbon 
brushes for such machines, in order to minimize the sparking. 
Under the direction of M. Hurmuzescu, a continuous current 
dynamo^ of exceptionally high voltage has been built for the 
physical laboratory of La Sorbonne, by La Soci^td Cail, to 
whose chief, M. Helmer, the details of the design are due. 
The normal output of the machine is 2 amperes at a pressure 
of 3000 volts, but it has yielded a pressure of 4000 volts with 
ease. A longitudinal section of half of the machine is shown 
in Fig. 318, there being altogether four armatures on tlie 
same shaft. Fig. 319 gives two different cross sections. I'he 
shape of the field-magnets being sufficiently indicated in the 
dmwings, needs no description. The special advantage of 
this type of field-magnet is, that a perfectly symmetrical field 
is obtained without the additional cost of copper that is 
incident to a double magnetic circuit. There are four 
armatures of the ring type mounted on tlie same shaft, each 
giving a pressure of 750 volts at a speed of 1500 revolutions 
per minute. The winding consists of 160 sections of 66 turns 
per section, so there are 10,560 wires on the periphery. Each 
commutator is 20 cms. in diameter, and consists of 160 seg- 
ments, there being a maximum of 10 volts between any two 
segments. The resistance of armature is 128 ohms. 

1 Address before the Electrical Congress, Chicago, August 24, 1893, 
Electrical World, xxii. 201. 

a V Industrie Electrique, July 10, 1895, p. 2JK). 
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HoMOPOLAK ("Unipolar") DiiiAMos. 

In thoae cases where the motion is such that the conductor 
moves continuously past poles of one kind only, Uie inductive 
opei'auou is snid to be komopolar ; in cuses wljere it passes 
from being opposite a N-pole to being opposite a S-pole, the 
operation ia said to be heter&polar. Heteropolar operations 
obviously generate alternate cuiTents, unless a commutntor 
is added. Homopolar operations give rise to a continuous 
induction of electromotive-force if the field is also continuous, 
the rotation of the conductor effecting a continuous cutting 
of the magnetic lines without any reveraal in direction ; but 
in such cases, sliding connections are necessaiy to collect the 
current. Machines giving currents by continuous homopolar 
induction were formerly known' as "unipolar" machines. 
If the homopolar operation is arbitrarily i-endered discon- 
tinuous, as in Mordey's alternator and in some of the 
" inductor " alternators, by dividing up the pole-face into 
separate projections, and the conductor is wound alternately 
backwards and forwards across the field, the result will be 
an alternating induction. 

The earliest machine which has any right to be called a 
dynamo (Fig. 1, p. 5), namely, the rotating copper disk of 
Faraday, was, in fact, of the homopolar class. So were his 
oUier machines with sliding connections ; for example, the 
copper cylinder rotating over the pole of a magnet (Fig. 3, 
p. 6). Placker^ devised another f orra,"with a horizontiilly rotat- 
ing magnet, having sliding contacts at the middle and at either 
end. In 1862 Mr. S. A. Varley had ahomopolar apparatus with 
an iron magnet rotating in a vertical frame having a mercurial 
connection at the middle-point. About 1878 Dr. Werner 
Siemens ' designed a homopolar machine in which there were 
two cylinders of copper, both slit longitudinally to obviate 

iThUaoundslikea lucat a nonlneenilii, tor the mnsnethaalvo poles. Bat 
Ihe n&me ia derived from the term " iinipoiar lii{l action," wbkh coiitiiieiittil 
clectriciaiu, following Prof. WUh. Weber, give to the iiiduclion of ctirrenta 
bjf the procesa of " continnoui cutting," which we are now dealing with. 

' Puffff. Ann. luxrli. 8.12, 1852. 

■ £lektroUchRi»elie Zelttchrlft, 11. M, I8SI. 
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eddy-currents, each of which rotated around one pole of a 
(J-shaped electromagnet. A second electromagnet was placed 
between the rotating cylinders, with protruding pole-pieces of 
arching form which embraced the cylinders above and l)elow. 
Each cylinder, therefore, rotated between an internal and an 
external pole of opposite polarity, and consequently cut the 
lines of force continuously by sliding upon the internal pole. 
The currents from this machine are very great, but of onlj'^ a 
few volts of electromotive-force. To keep down the resistance, 
many collecting brushes press on the cylinders at each end. 
This dynamo wiis used at Oker for depositing copper. Much 
attention has been paid in recent yeai-s to machines of this 
type, and the author himself designed one in which two 
Faraday disks, coupled at their peripheries outside an internal 
stationary pole-piece, rotate in a symmetrically uniform field. 
Mr. Willoughby Smith showed that if an iron disk be used 
instead of a copper disk a much more powerful effect is 
obtained. Prof. George Forbes has constructed several 
machines of this class. Originally he began by employing an 
iron disk which rotJited l)etween two checks of opposite 
polarity, the current being drawn from its periphery. He 
then doubled the parts. The next stage was to unite the two 
disks into one common cylinder, rotating within an entirely 
.self-contained iron-clad fiekl-niagnet. For this reason the 
inventor prefei*s to call this type of dynamo " non-polar." A 
rubbing contact — for which purpose Prof. Forl>es at one time 
used carbon brushes, and at another a number of springy 
strips of metal foil — is maintained at the two extremities of 
the periphery. One of the earlier forms of machine, with a 
single disk 18 inches in diameter, was stated to give 3117 
amperes at a potential of 5*8 volts when running at 1500 re- 
volutions per minute. One of the later machines, in which 
the armature is a cylinder of iron 9 inches in diameter, 8 
inches long, is designed to give a current of 10,000 amperes 
at 1 volt, at 1000 revolutions per minute. In designing such 
machines it is convenient to remember that the voltage may 
be expressed in the formula 

E = r Z B ^ 10^; 



*iomopoiar JJynamos. 



477 



where w is the linear velocity of the inovitig condnclor (cms. 
per sec), I its length (cms.) at riglit angles to the direction of 
motion, and B the flux-density of the field. For example, 
a cylinder of copper, 20 cms. broad, revolving in a field of 
10.000 lines per cm,, at a linear speed of 4000 cms, per second 
will induce 8 volts. The electromotive-force of such machines 
s as the square of the liiietir dimensions. Other typea 




Fia. 320.— Bbown's Homupular Dynamo. 



have been designed by E. Fenaris, E. L. Voice, DelaficUl, 
Hummel and others, including Atkinson,' whose machine is 
self-exciting. All the important forma prior to 1885 are 
described and discussed byUppenborn in the Ctntralhlatt fUr 
ISettroteehnik of that year, p. 324. 

e theory of the homopolar disk-dynamo lias been given 



^^^^e theory 
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bv Lord Kelvin,^ who has shown that such a machine is not 
self-exciting except above a certain critical speed, dependent 
on the resistance of the circuit. 

Two difficulties seem to beset this tvpe of machine, namelv. 
the inherent trouble of peripheral collection of large currents, 
luid the very considerable armature rt:actions which accom- 
pany these large currents, causing great fall in the voltage ^ as 
the current increases. The latter can onlv be obviated bv the 
same expedients as hold gooil in all other t\-pes of dynamo. 
uamely, to make the lie Id-magnets relatively powerful and to 
counterlxilance the reactions bv compounding or overcom- 
jvunding the machine by the u>e •'^f series windings. 

M:*. C\ E. L. Briiwn hiis eommu:::ca:ed :■■* the author some 
tvsulrs \vA drawinixs of ;i uniiv-lar ir..icl::r.f. Y\z- 320. built 
a: I'o l.V:lik.':i Works, with a cvl::.'ier o: co;«i»fr rotating 
IviN^ocn ti.o '.::s of an iron-elad eleor^?m.4::::et of uast iron. 
ri'.Ls !v»wh::;o a: liOO revolutioL^ r^r n:;::u:c worked at 10 
\\\:> .rui showed iianlly ar-v j-ercerriMe lirr-p in voltage 
\\'.u:\ :^^«^t' .rv.vorvs were take:: :r m ::. Tl.is is the first 

X Uvsx !\ \. .-•, .1 \ ::•; :..\> V^e:: :-<:j::v 1 ' v M. Thurv. 

M..x" ■;.,■.-; .!> .-:■::. >:. ■^y. ::: ir.vr.: vv.»:-s in the homo- 
r-x . ; .\ V , ; v:.i/ .:\:. t'.v :':v- :v f wl.:.l. ;s siill to some 

. \ 'An, . ■ , I: -^ ..; "^ >u:r.: ■-:■:.: ::■ r^fer :o ihe writings 

•, '. ..\x. Tw,, .' 1-.;:.:.-/ A:::.'."..' Hor^-e.'- WeberJ and 

1 . . .. ..\ . AN ,-; •/ .s :'.ri>> ;":.t- :• -ils are carried round 

.0 . U X . .. .N , : .. V. .u:.>:.: r.i'.r.. such ihat either the 

iii^c...- .X .. \ N . . /..:\v, :; T'lC A'.s- '^■■: :v.:'re eenerallv the 

xV . ..-.,, ••. s-v.-.r/.-.-.-ft:.-: J"'/- ■ . .V-v- -^aauary 1S6S ; 

*N..^ H ...... > V ■.. ;■ I »:1v;t I ler's Han J^?*cA 

, * ; s.-^.'-./r, March 7, 

N.X. 

... . \ N \ '<v ^^" 
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lines of force run in opposite directions in different pans of 
the field. Fig. 17 (p. 29) iUustmtes this principle ; and we 
shall now consider how it is carried out in pi-actice. In the 
early machines of Saxton, Clarke and Stohrer, single paire 
of coils were mounted so as to pass in this fashion through 
paits of the field where the magnetic induction was oppositely 
directed. Such a machine will, therefore, give alternate 
currents, unless the commutator be affixed to the rotating axis. 
In 1878 von Hefner Alteneck designed a disk-dynamo in 
which the number of coils differed by two, or some other 
number, from those of the field, and with the emploj-ment of 
a multiple-bar commutator with com- 
plicated cross-connections. In 1881 
Hopkinson and Muirhead showed 
a disk-dynamo with a wave-winding. 
In 1875 Professor Pacinotti devised ^ 
a form of disk-armature, which he 
described as a " transversal electro- 
magnet fiy-wheel." The machine, 
which was exhibited at Paris in 1881, 
had for field-magnet two electro- 
magnets placed with their contrary 
poles juxtaposed, fonning, as shown 
in Fig. 321, a single magnetic circuit 
with two gaps. Though these two 
gups passed a disk-armature, constructed of radical con- 
ductors arranged to cut the immense magnetic fields. The 
electromotive-forces induced in these conductors would on 
the one side be directed mdially inwards, on the other 
Tadially outwards. The method devised by Pacinotti for 
connecting the radial conductors into a single closed coil is 
shown in fig. 200. p. 279. Another type of disk-armature 
was invented by Lord Kelvin, consisting of a wheel with 
spokes like a bicycle wheel, with collecting brushes pressing 
against opposite ends of a diameter. Bollman * devised a 

' JVuoM dmenlo [31 S., SepWinber 1881. 
■ For iIeUll«il ilnwinRa And descriptiuii 
^L Iz. 7. 1887. 
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multipolar machine, having a complex ai-malure built up of 
radial 8tri[)» of cop]>er connected in zigziig and joined to a 
croBS-con nee ted commutator. More recently machines of this 
claas have been devised by DeMi'oziera,' Itobin,' Jehl and 
Rupp,^ and Sayera.* The muchines* of Deeroziers have been 
deacrihed on p. 442, and his method of winding on p. 281. 

Fritsirhe's Di»k-Dynamo». — These dynamos' have a disk 
with multipolar wave-winding with series grouping for 
armatui-e. The interesting constructional feature of these 







is the use of wrought-iroii burs, instead of copper, 
as the active conductors in the disk. The commutator is 
fixed to the outside of the disk, with the brushes trailing 
against the periphery at two points. 

' Sec La Lumiire tUctrique, xkIv. 293, &P4 ami 517, 1887 ; ixls. 401, 
18S8 ; and U. S. TfttenC No. 4S1I,610, » /hiJ., lalv, 5i4, 1587. 

■ Ibid., %x\y. 343, 1S87. See biso deUlleil illuairationa uii] description In 
XXV. SB8, 1887 ; and in Electrician, lix. Hi, 1S87. 
SpeclficMion Of P-itenl, .17 of ISS". 
' See Fritsche's hook, Die Glfirb»lrnm-ByaninomnnchinK, Berlin, IPSO ; 
a1«o SpeclflcAtlon of BrUish Patent, No. 111,080 of 1887. See also The Elee- 
li. OoK, IB88 1 alau Eteflrleal Heeieio, xxix. 473, 1861 ; and 
Sleetrical World, sil. 2tO, 1S89. 
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Poleehko^s Dynamo, — This form^ realizes Lord Kelvin's 
suggestion for a wheel-dynamo. The wheel is 1 metre in 
diameter, with narrow copper spokes to rotate in a narrow gap 
between the pole-pieces of a pair of electromagnets, arranged 
to produce a very intense narrow magnetic field along two 
opposite radii. Fig. 322 shows its form, and the arrangement 
for collecting the current from the periphery, which is made 
up of 320 insulated pieces of copper strongly held together 
by an insulated steel ring at the middle of the rim. It gave, 
at 1500 revolutions per minute, a current of 2000 amperes at 
25 volts ; the entire machine weighing 14 tons. 

' Journal de la SociiU Phyaico^himique ruaae, xxii. 135, 1800. 
31 
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CHAPTER XX. 

CONTINCOUS-CUKBENT MOTORS. 

rst chapter, the definition was lai' 
dynamo-electric machinery meant machinery for converting 
mechiinical energy into the energy of electric currents, or 
vice versti. Having dealt with the dynamo in its functions 
as a generator of electric currents, we now come to its con- 
verse function, namely, that of converting the energy of 
electiic currents into the eneigy of mechanical motion. 

An electric motor^ or, as it was formerly called, an electro- 
\ magnetio eru/ine, ia one which does mechanical work at the 
expense of electric enei-gy. Any kind of dynamo, whether 
for continuous currents or alternating currents, can be used 
conversely as a motor, though, as we shall see, some more 
appropriately than others. Since alternate-current motors 
differ in their design from those intended to work with con- 
tinuous currents, they will be considered later on in connec- 
tion with alternate-current apparatus. 

Every one knows that a magnet will attract the opposite 
pole of another magnet, and will pull it around. We know 
also that every magnet placed in a magnetic field tends to 
turn round and set itself along the line of foree. It is not. 
therefore, diflScult to understand that very soon after the 
invention of the electromagnet, which gave us for the first 
time a magnet whose power was under control, a number of 
ingenious persons perceived tliat it would be possible to 
construct an engine in which an electromagnet, placed in a 
magnetic field, should be pulled round ; and further, that the 
rotation should be kept up continuously, by cutting off or 
reversing the current at an appropriate moment. On this 
very principle was constructed the earliest electric motor of 
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Ritchie, so well known in many forms as a stock piece of 
electric appRratus, but little better in reality tban a toy. 
Joule' also devised several forms of electric raotor. 

A still earlier rotating appamtua was Sturgeons wheel- 
disk, described in 1823. Tliis instrument, interesting, though 
a mere toy, as being a forerunner of Faraday's disk dynamo, 
ia a representative of a distinctive class of machines, namely, 
homopolar machines (p. 475), which have a sliding contact 
merely, and need no commutator. 

A great step in advance was made by Jacobi,^ who, in 
1838, constructed a multipolar motor. 

Another class of motors may be named, wherein the mov- 
ing part oscillates backwards and forwards. Professor 
Henry constructed, in 1831, a motor with a beam oscillating 
by the intermittent action of an electromagnet. In Dal 
Negro's motor of 1833 a steel rod geared to a cmnk was 
caused to oscillate between the poles of an electromagnet, 
A distinct improvement in this type of machine was intro- 
duced by Page, .who employed hollow coils or bobbins as 
electromagnets, which by their alternate action, sucked down 
iron cores into the coils, and caused them to oscillate to 
and fro, 

Page's suggestion was further developed by Bonrlwiize, 
who constructed the curious motor depicted in Fig. 323, 
which looks uncommonly like an old type of steam engine. 
We have here a beam, crank, fly-wheel, connecting-rod, and 
even an eccentric valve-gear and a slide-valve- But for 
cylinders we have four hollow electrom^nets ; for pistons, 
we have iron cores that are alternately sucked in and drawn 
out; and (or slide-valve we have a commutator, which, by 
dragging a pair of platinum-tipped springs over a flat surface 
made of three pieces of brass separated by two insulating 
Rtriiia of ivory, reverses at every stroke the direction o( the 
currents in the coils of the electromagnets. It is really a 
very ingenious machine, but, in point of efficiency, far behind 



' AunaU -/ EUctrielty, 11. 222. 1838 ; and Iv. 203, l» 
> A fui and description of this motor will be found ii 
at tbiahook. 
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all modern electric tiiotoi'3. It does uot do to design dynamo 
.electric machinery on tiie same liues as steam engines. 

Yet another now obsolete class o£ electric motoi-s owed its 
existence to Froment, who, fixing a series of parallel iron bars 
upon the periphery of a drum, caused them to be attracted, 
one after the other, by an electromagnet or electromagnets. 

Lastly, of the various historical types of motor we may 
enumerate a class in which the rotating portion is enclosed in 
an eccentric fntnie of iron, so that as it rotates it gradually 
approaches nearer. Little motors workiog on this priiicipla 




raic MoToa. 

1 used for light experi- 



Fio. 32S.— BorasODZE'a Elec 
of "oblique approach," have long l)ee 
mental work. 

It is impossible within the limit-s of this work to deal with 
a tithe of all tiie various stages ' of discovery and invention. 

' An excellent nceount of the early (orm* of electric motor, botli European 
sni) American, Is to be fotinil in Martin ruid Welzler's Tht Eleetric Motor 
and iU ApplUalinns, tlilnl edition. IStll. All readers interesteil in the sub- 
ject should also consult the puperonEtecfro-moffnetfiim a»a iSoUvr Pnwer, 
bj the iale R. Hitnt, in Proc. In.»l. CiM Eniineera. ivi„ April, 18.57, 
;^er with th? discussion Ihnt followed It, in which put was token by 
ThonMon (now I^ord KelvinJ, Mr. (now SirWlIIiam) Grove, Pro- 
Tjndail, Mr. Cowppr, Mr. Smee and Mr. Bobprt SlPphpnso'i, For 
motors they eliould coiisnlt Kapp's The Eleelrie Tranamia»ion qf 
% or SneJJ's Electric Mo'ice Pc 
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The work of Page, Davidson, Hjorth and othera is alluded 
to in the Historical Notes at tlie beginning of tliia book. But 
the real development came after tbe conimei-cial introduction 
of Gramme's dynamos in 1871, as engineers Iwgan to under- 
stand how two machines could be used — ^one as generator, the 
other as motor — to ti'ansmit power througli a line. 

All the earlier attempts to introduce electric motors came 
to nothing, for two reasons. Firstly, at that time there v 
no economical method of generating electric currents known; 
secondly, the great physical law of the conservation of energy 
was not fully recognized, and its all-important bearings upon 
the theorj' of electric machineiy could not be foreseen. 

While voltaic batteries were the only available sources of 
electric cunents, economical working of electric motors was 
hopeless ; for a voltaic battery wherein electric currents ai'e 
generated by dissolving zinc in sulphuric acid is a very ex- 
pensive source of power. To say nothing of the cost of the 
acid, the zinc — the veiy fuel of the battery — costs more than 
twenty times as ninch as coal, and is a f ar woi-se fuel; for 
whilst an ounce of zinc will evolve heat to an amount 
equivalent to 113.00U foot-pounds of work,' an ounce of coal 
will furnish the equivalent of 095,000 foot-pounds. 

The fact, however, which seemed most discouraging, but 
which, if it had Ijcen rightly interpreted in accordance with 
the law of conservation of energy, would have been found 
most encouraging, was the following : — If a galvanometer was 
placed in the circuitwiththe electric motor and the batteryit 
was found that when the motor v^as running the battery was 
unable to force through the wires so strong a current as that 
which flowed when the motor was standing still. The faster 
the motor ran, the weaker did the current become. Now 
there are only two causes thatcan stop such a current flowing 
in a circuit; lliere must be eitheran obstructive resistance or 



' A ooDvenienl wBf of regnrdlni; Ihe economic qneslion from the point 
ot riew of the cost of tliu voluiu battery is afforded by the following piilculit- 
tion. Stipposlng the electric motor to convert all the electric energy ot tlie 
battery without loss liito mechanical energy, Uia amount of sine used per 
boTse-power In one hour will be almost exactly two pounds ilivideJ by the 
Tolta (A the electromotive-force of the cell employed in the battery. 
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else a counter electromotive-force. At firat, the eoDimou idea 
was, that when the motor was spinning round, it offered a 
greater resistance to the passage of tlie electric current than 
when it stood still. The genius of Jacobi ' enabled him. how- 
ever, to discern that tlie observed diminution of current n-aa 
really due to the fact that the motor, by the act of spinning 
round, began to work as a dynamo on its own account, 
and tended to set up a cuiTent in the circuit in the opposite 
direction to that which was driving it. The faster it rotated 
the greater was the counter electi-omotive-force (or "electro- 
motive-force of reaction "} which was developed. In fact 
the theory of the conservation of energy requires ^ that such 
a reaction should exist. Joule,'by further experiment, found 
that the counter electric action is proportional to the velocity 
of rotation and to the magnetism of the magnets. 

Two points are vital to the right understanding of the 
action of electric motors : (1) The propelling drag ; (2) the 
counter electromotive-force. The first is that the i-eal driving- 
force which proi^ls the revolving armature is the drag which 
the magnetic field exerts upon the armature wires through 
which the current is flowing, or. in the case of deeply-toothed 
armatures, on the protruding teeth : the second is that the 
revolving armature generates a counter electromotive-force as 
its moving wires cut the magnetic lines. 

The Propelling Draif,^-ln Chapter V., on the mechanical 
actions in armatures, the drag, which a magnetic field exerts 
on a conductor carrying a current, has been explained, and 
calculations about its magnitude given. In a generator the 
drag acts in a direction which opposes the rotation, and is, in 
fact, a counter-force or reaction against the driving force- 
In a motor the drag is the driving forae, and produces the 
rotation. 

The Counter Electromotive-force. — Let it be remembered 

* Mfmoire mr CappliMtion de relictromagnitUme au mouvement del 
machinea par M. II. Jftcobl (Potadaui, 1S35). 

' For a ilniple explanation of Lbe npcessity of a'cnimter eleciromotltre- 
(orce, see the author's Blftnentarj/ Lfmmuii In Elerlricily and Jiagnetitm 
(edition of 1805, p. 443). 

■ Aivaalt of ElectHeittt, vill. 21S, 1»U. aud SHeutifie Papers, p. 47. 
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that wherever in an electric circuit, current flows through 
some portion of the circuit in which there is an electromotive- 
force, the current will there either receive or give up energy 
according to whether the electromotive -force acts with the 
current or agaimt it. This will be made cleai-er by Fig. 824 
representing a circuit in which there are a dj-namo and a 
motor. Each is rotating rigbtrhaudedly, and therefore 
geoerates an electromotive-force tending upwards from the 
lower brush to the higher. In each case the upper brush Is 
the positive one. But iu the dynamo, where energy is being 
sapplied to the circuit, the electromotive-force is in the same 




1 



direction ajs the cun-ent; whilst in the motor where work is 
beiiig doue, and energy is leaving the circuit, the electro- 
molt ve-force is in a direction which opposes the current. 
Then ought to be no difiiculty iu understanding that this 
electiio reaction is an essential of motor working. 

Consider the converse case, when we are employing me- 
chotucal power to generate currents by rotating a dynan 
Directly we begin to generate currents, that is to say, directly 
we begin to do electric work, it immediately requires much 
more power to turn the dj'iiamo than is the case when 
electric work is beiTig done. In other words, there is 
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opposing reaction to the mechanical force which we apply 
in order to do electric work. An opposing reaction to a 
mechanical force may be termed a " counter-force." When, 
on the other hand, we apply (by means of a voltaic battery, 
for example) an electromotive-force to do mechanical work, 
we find that here again there is an opposing reaction ; and 
an opposing reaction to an electromotive-force is a " counter 
electromotive-force." 

The experiment of showing the existence of this counter 
electromotive force is a very easy one. All one requires is a 
little motor with a powerful field-magnet,^ a few cells of 
battery of small internal resistance, and an amperemeter. 
They should be connected up in one circuit, and the deflexion 
of the amperemeter should be observed when the motor is 
held fast, and when it rotates with small and large loads. In 
an experiment, made on a motor with separately-excited 
magnets, the following figures were obtained : — 



Revs, per min. 
Amperes 






50 


100 


160 


180 


195 


00 


10-2 


12-2 


7-8 


61 


5-1 



Apparently, if the motor liad been helped on to run at 261J 
revolutions per minute, the current would have been reduced 
to zero. The current of 5*1 amperes was needed to drive the 
armature against its own friction at the speed of 195. 

Upon the existence and magnitude of this counter electro- 
motive-force depends, in fact, the degree to which any given 
motor enables us to utilize electric energy that is supplied to 
it in the form of an electric current. In discussing dynamos 
as generators, many considerations were pointed out, the 
observance of nvhich would tend to improve their efficiency. 
It is needless to say that such considerations as the avoidance 
of useless resistances, unnecessary iron masses in cores, and 
the like, apply equally to motors. The freer a motor is from 
such defects, the more efficient will it be. But the efficiency 

^ One of any ordinary type— a magneto-machine or a series- wound motor 
will answer. 
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of a motor in utilizing the energy of a current depends not 
only on its efficiency in itself, but on another consideration, 
namely the relation between the electromotive-force which it 
itself generates when rotating, and the electromotive-force or 
electric pressure at which the current is supplied to it. A 
motor which itself in running generates only a loxc electro- 
motive-force cannot, however well designed, be an efficient or 
economical motor when supplied with currents at a high 
electromotive force. 

Elementary Theory of Electric Motive Power. 

It will be shown, mathematically, that the efficiency with 
which a perfect motor utilizes the electric energy of the 
current, depends upon the ratio between the counter electro- 
motive-force developed in the armature of the motor and the 
electromotive-force of the current which is supplied by the 
battery. No motor ever succeeded in turning into useful work 
the whole of the energy that is supplied, for it is impossible to 
construct machines devoid of resistance ; and whenever resist- 
ance is offered to a current, part of the energy of the current 
is wasted in heating the wires that offer the resistance. Let 
the symbol W stand for the electric power supplied by tlie 
mains to an electric motor, and let iv stand for thatpait which 
the motor takes up as useful power from the circuit.^ These 
symbols may stand for the numbers of watU respectively 
supplied and utilized. All that part of the energy of the 
current which is not utilized by the motor, and transformed 
into useful work, will be wasted in useless heating of tlie 
resistances. The watts lost in heating will therefore be equal 
to W — u\ 

^ The symbol to must be clearly understood to refer to the power taken up 
by the motor a« mpasured electrically. Tlie whole of this power will not 
apx)ear as useful mechanical effect however, for part will be lost by mechanical 
friction, and a minute percentage also in the wasteful production of eddy 
currents in the moving parts of the motor. What proportion of w appears 
as useful mechanical power depends on the eftici^Miry of the motor 7)er .se, 
which we are not here considering. In all that immediately follows we shall 
suppose such causes of loss not to exist, or the motor will be considered as 
a perfect motor. 



But if we want to work our motor under the conditions of 
greatest economy, it is clear tliat we must have as little heat- 
waste as possible ; or. in symbols, w must be as nearly as 
possible equal to W. It will be shown mathematically that 
the ratio between the useful energy thus appropriated and 
f the total energy spent, is equal to the ratio between the 
I counter electromotive-force of the motor and the electromotive- 
l force of supply. (As it is not wished here to complicate 
[general considerations by introducing into the expression for 
the efficiency the energy wasted in heat in the field-magnet 
coils of the motor, we here assume that the magnetism of the 
field-magnets is independently excited.) The proof will be 
given later. Let us denote this whole electromotive-force 
with which the mains supply the motor (i. e. the volts 
measured across the terminals of the motor) by the symbol §. 
and let us call the internal counter electromotive-force E. 
I Then the rule is ^H 



I But we may go one st^^ further. If the motor be prevented 
f from turning, the cuiTent, as calculated by Ohm's law wouJ 
be 



If the resistances of the circuit are constant, the correntS 
observed when the motor is running, will be less than C^.m 



where R is the total resistance of the circuit. Hence 
E 



q— c 



s w 



From which it appears that we can calculate the eEGcienoy fl 
which the motor is working, by observing the ratio between 
the fall in the strength of the current and the original strength. 
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Though this mathemfitical law of efficiency had beeu knowa 
for forty years it was for long ignored or misunderstood. 
Another law, discovered by Jacobi, not a law of efficiency at 
all, but a law of uiaximum work in a given time, was given 
instead. A machine does not generally do its work with the 
best economy when it performs the greatest work in the 
least possible time; and the maximum economy or efficiency 
of an electric motor is not when its output is at a maximum. 

Jacobi's law concerning the masimura power of an electric 
motor supplied with cun-ents fiom a source of given electro- 
motive-force is the following : — The output of power by a 
motor is a maximum when the motor is geared to run at such 
a speed that the current is reduced to half the strength that it 
would have if the motor was stopped, This, nf course, implies 
that the counter electromotive-force of the motor is equal to 
half the electromotive-force of supply. Now. under these 
circumstances, only half the energy furnished by the external 
source is utilized, the other half being wrtsted in heating 
the circuit. If Jacobi's law was indeed the law of efficiency, 
no motor, however perfect in itself, could mnveit more than 
50 per cent, of the electric energy supplied to it iiilo actual 
work. 

Dr. Siemens, who first made us realize the true physical 
eignificationof the mathematical expressions which, until then, 
had been regarded as mere aljsti-actions, showed, some years 
ago, that a dj-namo can be, in practice, so used as to give out 
more than 50 per cent, of the energy of the current. In fact, 
if the motor be arranged so as to do its work at less tlian the 
maximum rate, by being geared so as to do much less rfork 
per revolution, but yet so as to run at a higher speed, it will 
be more efficient ; that is to say, though it does less work, 
there will also be still less electric energy expended, and the 
latio of the useful work done to tlie energy expended will be 
nearer unity than before. Or, instead of gearing it up to run 
fast, we may gain the same advantage by strengthening its 
field-magnets. 

The true law of efficiency was clearly stated by Lord Kelvin in 
1851, and is recognized in a paper by Joule at about the same date. 
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i^ivkX returns ^erj ckarij to hare ondentood that his law was a 
Uw ol m^«imiim workizi^. bol ooc to hare miderstood that it was 
not a law of true eeonoaiical ^&*?iencT. Jacobins law is not a law 
of Tn^yrmnm efficiencT. but a law oi maTimum output : and that is 
where the error creeps in. It issignificant, in suggesting the cause 
fA thid remarkable o^nflict of ideas, that throughout the memoir 
which he published in 1S32. Jacobi speaks of trark as being the 
product of force and velocity, not of force and displacement. The 
same mistake is common en*)ugh among continental writers. Now 
the product of force and velocity is not work« but woiiL divided by 
time, that is to say. '• power." or " rate of working," ctr "activity." 
This may account for the widely -spread fallacy. In a paper by 
Achard in the Annales des Mines in January 1S79. a clear distinc- 
tion is drawn between the maximum activity and the efficiency of a 
motor, and he p<jints out how as the latter increases to a maximum, 
the former falls to zero. In April. Sir C. W. Siemens and Lord 
Kelvin gave evidence on electric transmission before a Pariia- 
mentary Committee, the latter showing that it was possible to 
transmit 21/^><J H.P. throujjh a copper wire i-inch in diameter, to 
3^Xj miles, provide*! a p*>tential of N).«j<X) volts was used. Later 
in the sam*? year Prof^.'S.sors EHihu Thomson and Houston, basing 
their remarks iify>n the suggestions of Kelvin and Siemens, pro- 
jfft^^l f'» oi»tain ff<:ononiic results by connecting in series several 
dy naiu'^ at one ♦-n*! of a line, and several motors at the other, so as 
to work with small rMirrt^-nts and high elect n.^ motive- forces. The 
a^lvanta;:^' of hiirli voltage- in lK>th dynamo and motor at the two 
ends of th*.* line wa.s nf*ver tntter or more clearly put than by Prof. 
W. K. Ayrton, in hLskn^tureon • Electric Transmission of Power/' 
\}*-ff>rfi the British Association, in Sheffield in August 1879. These 
high voltages he proposed to obtain not by increasing the magnet- 
ism but by increasing the speed, and by separate excitation of both 
dynamo and motor. The gain in economy by allowing the motor 
to run at a high speed with eflBciency increasing as its speeti in- 
creases, was also pointed out by Dr. Werner von Siemens in his 
addr<;sH to the Naturforscher meeting in September 1879 isee 
Werner von Siemens' Wissenscliafilichen und Technisclien Ar- 
beit en, ii. 374). 

Theory of Motor H, — If § 1^ the electromotive-force of the 

mains su[)[)lying the current to the motor when the motor is 

«t rest, and C l>e the current which flows at any time, the 

)le el(;ctric i>ower W ex[)ended in unit time will be 
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expressed in watts, as the product of the whole of the applied 
Tolts multiplied by the whole of the amperes, or, 

(Total watts) W = gC = g ^^~^^ . [T.] 

Now, when the motor is running, part of this electric 
power is being spent in doing work, and the remainder is 
wasting itself in heating the wires of the circuit. The useful 
part may be similarly written down, as the product of the 
armature's own volts (the counter electromotive-force) and 
the amperes, or 

(Useful watts) w = E C = E (^ — ^^ . [H.] 

All the power which is not thus utilized is wasted in 
heating the resistances. So we may write — 

Power supplied = power utilized + power wasted in heat- 
ing or, 

W = w -I- watts wasted in heating. 

But, by Joule's law, the heat-waste of the current whose 
strength is C running through resistance R, is expressed by 
the equation 

= C'R (watts). 

Substituting this value above, we get 

W=t^; + C2R. 

Comparing equation [I.] with equation [II.] we get the 
following : — 

M^ _ E (g — E) . 
W~g(S— E)' 

or, finally. 

This is, in fact, the mathematical law of eflBciency, so long 
misunderstood until Siemens showed its practical significance. 
We may appropriately call it the law of Siemens, Here the 
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ratio _ is the measure of the efficiency of the motor, and 

the equation shows that we may make this efficiency as nearly 
equal to unity as we please, by so adjusting either the 
magnetism of the field-magnets or the speed of the motor that 
E is very nearly equal to §. 

Now the power utilized is equal to the difference between 
the total power supplied and the part wasted in heat, or in 
symbols, 

tt; = gC — C2R. [IV.] 

In order to find^ what value of C will give us the maximum 
value for w (which is the work done by the motor in unit 
time)^ we must take the differential coefficient and equate it 
to zero. 

d w 



dC 
whence we have 



= §— 2CR=0, 



c = i.|. 



But, by Ohm's law, g-rR is the value of the current when the 
motor stands still. So we see at once that, to get maximum 
work per second out of our motor, the motor must run at such 

» The argument can be proven, though less simply, without the calculus, 
as follows ; write equation [IV.] in the following form : 

• C»R — gC + w = 0. 

Solving this as an ordinary quadratic equation, in which C is the unknown 
quantity, we have 

2R 

To find from this what value of C corresponds to the greatest value of lo, it 
may be remembered that a negative quantity cannot have a square root, and 
tliat therefore the greatest value that w can possibly have will occur when 

4 R to = g», 

for then the term under the root sign will vanish. When this condition is 
observed it will follow that 

^ 2R ' 

or the current will be reduced to half its original value. 
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a speed as to bring down the current to half the value which 
it would have if the motor were at rest. In fact, we here 
prove the law of Jacobi for the maximum rate of doing work. 
But here, since 

g — E § 



it follows that 



g— E = iS, 



or 






whence it follows also that 



w 
W 



= h 



That is to say, the efficiency is but 50 per cent, when th'^ 
motor does its work at the maximum rate.^ 

^ It may be worth while to recall a precisely parallel case that occurs In 
calculating the currents from a voltaic battery. Everyone is familiar with 
the rule for grouping a battery which consists of a given number of cells, 
that they will yield a maximum curreul through a given external resistance 
when so grouped that the internal resistance of the battery shall, as nearly 
as possible, equal the external resistance. But this rule, which is true for 
maximum current (and, therefore, for maximum rate of using up the zinc 
of one's battery), is not the case of greatest economy. For if external and 
internal resistance are equal, half the energy of the current will be wasted 
in the heat of the cells, and half only will be available in the external cir- 
cuit. If we want to get the greatest economy, we should group our cells so 
as to liave an internal resistance much less than the external. We shall not 
get so strong a current, it is true ; and we shall use up our zincs more 
slowly ; but a far greater proportion of the energy will be expended usefully, 
and a far less proportion will be wasted in heating the battery cells. The 
maximum economy will of course be got by making the external resistance 
infinitely great as compared with the internal resistance. Then all the 
energy of the current will be utilized in the external circuit, and none 
waste<l in the battery. But it would take an infinitely long time to get 
through a finite amount of work in this extreme case. The same kind of 
reasoning is strictly applicable to dynamos used as generators, the resist- 
ance of the rotating part of the circuit being the Counterpart of the internal 
resistance of the battery cells. For good economy, the resistance of the 
armature should be very low as compared with that of the external circuit. 
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Gn^VPHTC RSPRSSESrCATIiQir OF L^WS OF XoTOBS. 



Several graphic iiomitrTicrinns have heoL snggcsced to eath- 
vey dieaie fiactan en die eve ; «3iie of chisse enables os^ in ooe 
diaipnnu CO exhibit graphically both, die laTr of maTfrnnm 
rar^ of working, ami die law of efficiaicy.^ 

r^t die verdf^ line. A B (Fig. 325'v lepreaeot the eleetnv 
miitive-Sorce S of die electric supply. On. A B ccHistnict a 
jiqimre A B C D, of which Let the diagonal B D be drawn. 
Now measmre out from die point B« along the line B A, the 
counter electroraoti ve-forne E of die motor. The length of this 
i^iiantity will increase xa the velocity of the motor incrases. 
Let E attain the valne B F. Let n^ inquire what the actual 

current will be. and what the energy of 
it : aLK> what the work done bj the 
motor w. First complete the coDstmc- 
tion as follows : — Throogh F draw 
F (j H. parallel to B C. and through 6 
draw K G L, parallel to A B. Then the 
actual elet:tromotive-force at work in 
th"-': ma<:hine pr«>luoing a current is 
Fio ?26 § - E. which may be represented by 

any of the lines A F, K G, G H, orL C. 
Now the electric energy ex[>ended per second is S C ; and 




ftincc 



=: _.- — - , it may V^e written as 



R 



8r& — E). 
u 



niid th() electric energy utilized by the motor, measured in 
watfn^ in 

E(g — E; 

R 

U lK)ing a constant, the values of the two are proportional 
to 

g (g _ K) and E (g — E) 

Bee paper by the author In the PhlloHophical Magazine, Feb. 1883. 
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Now the area of tlie rectangle 

IAFH U = § (g— E), 
that of the rectangle 
GLCH = E (g — E). 

The ratio of the»e two areas on the diagram is the efficiency of a ^ 
perfect motor, under the condition of a given constant electro- 
motive-force in the electric supply. 

Turn to fig. 326, in which these ai-eas are shaded. This 
figure represents a case where the motor is too heavily loaded, 
and can turn only very slowly, so that the counter electro- 
motive-force E is very small com- 
pared with S. Here the area which 
represents the energy expended, is 
very large ; while that which repre- 
sents useful work realized in the 
motor is verysmall. The efficiency 
ia obviously very low. Two-thirds 
nr more of the energy is being 
wasted in heat. 

So far we have assumed that * " 

the efficiency of a motor (working ^^- ^^^• 

with a given constant external 

electromotive-force) is to be measured electrically. But no 
motor actually converts into useful mechanical effect the 
whole of the electrical energy which it absorbs, since part 
of the energy is wasted in friction and part in wasteful 
electro-magnetic reactions between the stationary and moving 
parts of the motor. What we are expressing thus as useful 
work is the work actually delivered to the armature to 
drive it. It is a mere matter of good engineering how 
small a percentage of this must be discounted for friction 
in the bearings, eddy-currents, hysteresis and the like. If, 
however, we might consider the motor to l>e a perfect engine 
(devoid of friction, not producing wasteful eddy currents, 
running without sound, giving no sparks at the collecting- I 
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hniihf< eoe. » t2i£XL v^ irg^ isike tLe nedtmnicml output 
pr^e^ieZr eq^2al ^ ini^ aecsil pover deUrered elec- 
v> iLe araausre. Sa^ii & * i^s&ei * eiectric engine 
vould. iikt %ht >ieal * pi^rfa^c ~ Lea: engine of Camot, be 
perUetlr reresifDbe. Li Canjoc's beas rf'^^g^y*^ it is supposed 
dbsu ti:ae vL«oUr of the hett aecsftllj absorbed in the cycle of 
Of^ijziifxti is coo Termed inxo isaeril work : and in this case the 
effic:encT is the raiio of iLe hea: absorbed to the total heat 
ezpeLded. As is well known, ifcis efluciency of the perfect 
beat engine can b? exi ne^^ieii as a fnnotion of two absolute 
temperatures, namelj th^iisc- resp^ecuTely of the heater and of 
the refrigerator of the engine. Camoi^s engine is also ideally 
lerersible ; that is to say. eap<akble of reeoiiTerting mechanical 
work into beat. 

Tlie loathematical law of eSciency of a perfect electric 
engine illustrated in the abjve eocstruetion is an equally ideal 
case; and the efficiency can also be expre:ssed« when the 
constants of the case are given, as a function of two electro- 
motire-forces. 

Law of Maximum Activity (JaeobiV Let us next con- 
sider the area G L C H of the diagram (Fig. 325) which 
represents the work utilized in the motor. The value of this 
area will varj- with the position of the point G, and will be 
a maximum when G is midwav l:>etween B and D : for of all 
rectangles that can be inscribed in the triangle BCD, the 
square will have maximum area (Fig. 327). But if G is 
midway Ixitween B and D, the rectangle G L C H will be 
exactly lialf the area of the rectangle A F H D ; or, the 
useful work is equal to half the energy expended. When 
this is the case, the counter electromotive-force reduces the 
current to half the strength it would have if the motor were at 
rest ; which is Jacobi's law of the efficiency of a motor doing 
work at its greatest possible rate. Also F will be half-way 
between B and A, which signifies that E = J §. 

Law of Maximvm Efficiency. — Again, consider these two 

3» when the point G moves indefinitely near to D 

}). We know from common geometry that the 

G L C H is equal to the rectangle A F G K. The 
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area (square) K G H D, wliich is the excess of A F H D over 
A F G K. represents therefore tlje electric energy which is 
wasted iu heating the resistances of the motor. That the 
'jfliciency should be a maximum the heat-waste mnst be a 
minimum. In Fig. 325 this corner square, wliich stands for 
the heatrwaste, was enormous. In Fig. 327 it was exactly lialf 
the energy. In Fig. 328 it is less than one quai-ter. Clearly 
we may make the heat-waste as small as we please, if only we 
will take the point F very near to A. The efficiency will be 
a maximum when the heat-waste is a minimum. The ratio 
of the areas G L H and A F H D, which represents tlie 
eEBciency, can therefore only become equal to unity when the 
square K G H D becomes indeSuitely small — that is, when 





Fio. 327.— Oeoketric Illustra- 
tion OP Jacobi's Law of Maxi- 
mm Activity. 



FiQ, 338.— Geometric Ilutstea- 

TION OF THE LiW OF MaXI- 
BIUM Epficikscy. 



the motor runs 80 fast that its counter electromotive-force E 
differs fi-om © by an indefinitely small quantity only. 

It is also clear that if our diagram is to be drawn to repre- 
sent any given efficiency (for example, an efficiency of 90 per 
cent.), then the point G must be taken so thatai-ea G L C H 
= -^ area A F H D; or.G must be ,^ of the whole distance 
along from B towards D. This involves that E shall be equal 
to ^ of S, or that the motor shall run so fiLst as to reduce 
the current to ^ of what it would be if the motor were 
standing still. Thus we verify geometrically, the law of 
maximum elSciency. If there is leakage in the line, tlien 
this law will require modification,' forthe higherthe counter 
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electromotive-force of the motor, tha higher will be the 
potential of the line and the greater the losa by leakage. 

It is now evident what we have to do to obtaiQ any desii-ed 
peraentage of eflicieiicy. Suppose current is supplied ai 100 
volts at the luainsi : then to utilize 90 per cent, we must 
employ as motor a dynamo which, when running at its iirojjer 
speed aud output, generates an electromotive-force of 
volts. 



We may now extend the graphic method to a further case. 
Suppose that g ia no longer taken a8 a constant, but that the 

work to be done by the motor per second is a constant. For this 

OBse we may write equation [II.], p. 496, as 

E (g - E) = w R. ■ 



1 



This equation ia graphically represented by the curve P H Q 

(Fig. 3891, in which the values of g are plotted as abacissie and 

those of £ atJ ordinates. From this curve it is al once seen that 

there will be a certain mini- 




value of g which will 
^ to give to the motor 



mum " 
suffice 

the prescribed amount 
energy per second. The 
curve is sodrawn that it passes 
through the corner H of all 
the areas equal to G L C H 
drawntofitimderthediagonal 
of the square. Of these areas 
which represent equal work 
done by the motor, the one 
which ha.s minimum value of 
g ia the square which fits to 
the apex of the curve and 
corresponds to the case where 
g = 2 E. This result, which 
s first pointed outbyProf. Carharl,' is the converse of Jacobfa 



Fio. 329. 



law. and. like it, involves an efficiency of only 50 per cent. 
much higher efficiency ia obtained when g and E are both 
8 indicated by the aquare drawn through the point h. 



^American Journal of Science, i 



thgroat^— 
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Speed and Torque of Motoks. 

Certaia v^ry important relations subsist between the 
condition of the eleotric supply and the speed and tmuing- 
moment of a motor. 

In Chapter V., on Mechanical Actions and Reactions, it 
was set forth that the power transmitted along n sliaft is the 
product of two factors, the speed and the torque (or turning- 
moment}. It <" stands for the angular velocity and T for the 
torque,' then 

«i T ^ mechanical work per second, or power. 

ThiB may be expressed in watts by use of the proper co- 
efficient. 

Now if E is the electromotive-force generated by the arma- 
ture, and C the current through it, tbe electric energy per 
second in the armature is the product — 

E C ^ equal electric work per second (in watts'). 

If the whole of these four quantities, ui, T, E and C, are 
armaturequantities|Strictly,wen)ay equate the electrical and 
mechanical expressions together ; and the equation will be 

' If n be the niunbpr of revolulions f*r "pchik!, then 2 - h = u. Also if 
? b« the traiiamltted pull on thr^ bell (or ralher the difft^rence betwei^D the 
poll in tb&l part of tliebelt whlcli Is itpprrmrlilng the driving pulluy and the 
poll in thai part nliicli is recetlln^ from the driving pulley) in pounds weight, 
and T be the radius of liie pulley, F r = the turning-moment or torque = 
T, then uT = 2TnrF = the iiumbef of foot-pounds per aeconil trans- 
mitted by the belt. This may also be proved as follows : Horse-power is 
product of the force into the Tplocity. The circumferpnee of the pulley is 
2 T r, uid it tnms n times per second, therefore the circumferential Telocity 
is 2 n- rn, and this, multiplied by F. gives the work per second. If F Is ex- 
pressed in grammes weight, and r in centimetres, then 2 t r n F wUl give 
the power In gramme-cent Imetres, and must be divided by 7-0 XIO* to bring 
II to horse-power, and must be miiltipliei byil81 X !<>-' to bring it to watts. 
If w is in radians per second and T in dyne-centimetres, then tbe proituct 
will be ergs per second, and can be brought to watts by dividing by 10?. 

* Since 1 volt = Vf C.G.S. units of electromotive-force, and I ampere — 
w-* C.G.S. imit* ofcurrent, 1 watt (or volt-ampere) willlw = IfP T.R.S. 
imiti of work per second =- 10' erga per aecund = 10' -^ 981 gnunme-cenll- 
meuea per Mcond. 




502 Dynamo- Electric Machinery, 

true for either a motor or a generator In the geneiiiioi-, E 
and C are in the same direction and T opposes " ; or there is 
a counteMorque. In tiie motor, T and <« are in the saoie 
direction, but E oi>i)ose8 C ; or there is a counter electro- 
motive-force. 

In treating of the dynamo as a generator, it was assumed 
that the mechanical power could be supplied under one of the 
two standard conditions, on the one hand of conttant speed 
(and torque varying with the electrical output), or else on the 
other of eonstatU torque (and speed varying with the output). 
One of these two mechanical conditions being prescribed, 
fligebi-aic expressions had then to be found for the two cor- 
res^ionding factors of the electric output, namely, the elrrtro- 
motive-foree and the current, under varying conditions of 
resistance in tlie circuit. Abo we investigated these condi- 
tions which would result in making one or the other factor 
of the electric output constant. It was found convenient to 
study the relation between tlie two factors of output by the 
aid of the curves known as characterUtie». 

Similarly, in treating the dynamo as a motor, it will be 
assumed tlmt such arrangements of electric supply can be 
made that the electric power can be furnished under one of 
the two standard conditions, on the one hand of constant 
potential (and current vaiyingwith the mechanical ouiputof 
the motor), or on the otlier of constant ctirrent (and potential 
varying with the mechanical output). One of these two con- 
ditions being prescribed, we shall then have to find algebraic 
expressions for the two corresponding factors of the mechani- 
cal output, namely, the speed aud the torqiK, under varj'ing 
conditions of load on tlje shaft. Also, we shall investigate 
what are the conditions which will result in making one or 
other faetorof themechanicaloutputconstant: in other words, 
we shall ascertain what are the conditions of self-regulation to 
make the motor run at constant speed orwith constant toi-que. 
Liistly, it will be found convenient to study the relation 
between speed and torque by the aid of curves, which, by 
•analogy we may call mechanical characteristic!. 

■li 



I 
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Genebal Expressions for Torque and Speed. 

The work imparted per second to the shaft of the motor 
may be expressed either in electrical or mechanical measure. 
In the former case it is the product of the motor's electro- 
motive-force (i. e. the counter electromotive-force opposing the 
electromotive-force of supply) into the current flowing in the 
armature ; in the latter case it is the product of angular speed 
into torque. So we may write 

«; = E Ca=aiT = 2 7rnT; 

and (average) E = w Z N exactly as in a dynamo that is 
being used as a generator (see p. 173). Hence 



27r7iT = wZNCa, 
2rT = ZNC„; 

and finally the average value of the torque will be 

T = c„^ W. 

From this it appears that if N is constant, the torque is simply 
proportional to the current in the armature. 

To develop this expression further, we must remember 
that Ca can be calculated in terms of the electromotive-force 
of supply §, as measured at the terminals of the machine, and 
the internal resistance of the circuit through the armature 
part, which we call r ; and then 



g_E 



whence it follows that 



Prom this it follows that when the speed becomes so great 
that n Z N = S, there will be no torque. In fact, when there 
is no resisting force on the shaft the motor runs empty at its 
highest speed, namely, such as will make the counter electro- 
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motive-force as nearly as possible equal to the eIectromotiYe> 
force of supply. The maximum value of T, sappoeing \{ 
constant, is obviously when n = 0. 

An expression for the speed can be obtained from the 
preceding: 

2:rTr = ZNS — wZ»N*; 

^ § 2-Tr p, 

^ Z N " Z*' N' •••••• L^J- 

In equation [a] T will be expressed in dyne-centimetres if Ca is in absolute 
C.Cjt.S. units of current; If Cats given in amperes, then the valae must be 
divided by 10 if T is to be obtained in dyne-centimetres, or by 9810 if it is to 
be obtained in gramme-centimetres, or by 13*56 X 10^ if the torque is to be 
expressexl in pound-feet (i.e. so many pounds weight acting at a radios of 
one foot) . 

In equation [7], in order that n may be expressed in revolutions per second, 
the value of g, if given in volts, must be multiplied by 10^; that of r, if In 
ohms, by 10*. whilst T must be reduced to dyne-centimetres. If T is given 
in pound-feet, its value must be multiplied by 1*356 X 10^. 

Examples: — (1) In one of Brown's 4-pole machines used as 
motor, Z = 368; Ca=275 ; giving 250 H.P. at 600 revs, per 
minute. Calculate the number of magnetic lines that must go 
through the armature. (2) A 2-pole motor is required to supply 
4 H.P. in an arc-light circuit in which the current is kept at 10 am- 
peres: How many volts must it generate ? Assume N = 2.000,000, 
and that the speed Ih 15 revs, per second, how many armature 
conductors must it have ? 

The three equations [a], [^5] and [r] are true, not only for 
motors, but for generators, the § of the formulae being in the 
latter case replaced by e. This will give negative values for 
T, the significance of the sign being that the torque due to 
the action of the magnetic field on the conductors carrying 
the armature current is such as to oppose the driving. 

If r is very small, and ^ relatively very large, the second 
tei-m may be neglected, and the speed will then depend on 
the first term only. It will be the smaller as ^ is greater: 
this being the simple converse of the corresponding fact that 
the more powerful the magnetic field the less need be the 
speed of the dynamo to give the desired output. We may 
also notice that if ^ '^^ constant, the speed is proportional 
to § : it will be constant if the condition of supply is that of 
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constant potential, but will be variable if S varies. If the 

motor is to do its work at a slow speed, Z should be great as 
well as N* 

We must next inquire how n and T are afiEected by the 
fact that the- value of N depends upon the construction and 
winding of the field-magnet of the motor, and by the condi- 
tions of supply. We shtjl consider the following kinds of 
machine : — 

A. Magneto Motor and Separately-excited Motor. 

B. Series-wound Motor, 

C. Shunt-wound Motor. 

D. Compdfund-wound Motor. 

In each instance we shall have to take into account the 
conditions of supply, according as © or C is constant. 




Magneto Motor and Separately-excited 

Motor. 

It is here assumed that N is constant, in other words, that 
the perturbing reactions of the armature may be neglected. 
Under these circumstances the general formulae already found 
require small modification. The only internal resistance is 
tliat of the armature r^. 

Case (i.) : & constant. 

In this case formula [y] 
gives tlie desired relation, 
from which the mechani- 
cal characteristic may be 
plotted out, as in Fig. 330. 
It is a straight line cutting 
the axis of n at a point 
representing to scale that 
speed at which n Z N = § ; 
and it slopes downwards at 
an angle such that the tangent of the slope is equal to 



CONSTAT 



T 



Fig. 330. 

Mechanical Characteristics 

OF Magneto Motor. 
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2 t: r a-^^^ N^ioris proportional to the internal resistance. 
In the case of the separately excited motor, increase in 
the exciting current, strengthening the field, will obviously 
make the sloping line more nearly horizontal, as well as 
lowering the speed as a whole. 

If we attempt to take into account the reactions of the 
armature, we must remember that the effect of the armature 
current is to demagnetize, if there is a backward lead, and to 
magnetize if there is a forward lead. A backward lead, then 
would tend to make the sloping line, at constant S, rise and 
become more level as the torque increased, because it would 
weaken the magnet, and so let the speed increase ; whilst a 
forward lead would tend to make it slope still more. 

Case (ii ) : C coiistant. 

In this case, as reference to formula [a] shows, the torque 
is constant, being independent of speed and of internal resist- 
ance. The mechanical characteristic of the machine under 
these conditions is a vertical straight line. 



Seuies Motor. 

The fundamental equations are as before, with the addition 
of the following : — 

but now we may with advantage introduce the approximate 
formula for the law of the electmmagnet (derived from 
Frcilich's) given in Chapter VL, and write, as on p. 143, 
where C is the diacritical current and A = S C, 

Putting this value of N ^^^^ ^^® expression [a], on p. 503, 

for the torque, and writing for brevity ^ N = Y, we have 

2 t: 

T= Y ^^ 

C + C 
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This relation between torque and current is given graphically 
in Fig. 331. For values of C that are small as compared with 
C, T varies nearly as C* ; whilst for large values of C, as 
magnetic saturation advances, T is nearly proportional to C. 
The equation may also be written in the quadratic form — 

C»-^C-^C' = 0, 

the solution of which is 



C = 2X!^*V/1+^C'| 



It is permissible for large values of T to neglect the second 
term under the root sign, since the magnetization grows nearly 
constant. 




FE0.881. 



Fig. 382. 
Mechanical Characteristics op 
Series Motor. 



As an example plot the following figures taken from a test of a 
80 H.P. street-car motor, where the torque is given in pound-feet, 
the current in amperes, and the speed in revolutions per minute : 



Current 


8-5 


10 


20 


80 


40 


50 


70 


90 


94 


Toique 





29 


96 


18« 


281 


885 


610 


868 


912 


Speed : 


479 


286 


146 


118 


99 


85 


61 


89 


85 
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Now from [a] and [r] above we may eliminate S N> 
giving 

whence, 

2 r T 2r r * 

27rY ~"47Ya" 
Case (i.) : % constant. 

If 8 is constant, then, as the last equation shows, for large 
values of T the values of n are equal to a certain constant less 
a quantity proportional to T ; or the mechanical characteristic 
at this point (when the magnets are well saturated) is, forall 
large values of T, approximately a straight line as shown in 
Fig. 832. 

Case (ii.) : C constant. 

Here, clearly, saving for armature reactions, the magnetiza- 
tion wiU bo constiint; hence the torque will also be constant, 
as in Fig. 330. With a l(»id exceeding a certain amount, the 
motor will not start ; with a lesser load it will race until 
friction and eddy-currenU make up the difference. 

The properties of series-wound motors are so important 
that we may pause to consider them a little more fully. We 
know that if the current running through a series dynamo be 
constant, so that its magnetism is constant, the electromotive- 
force it develops is almost exactly proportional to its speed. 
It therefore follows that if E is proportional to % T will be 
proportional to C. This is abundantly verified in the case of 
series motore by experiments. When a Siemens series 
dynamo was arranged to lift a load of 56 lbs. on a hoist, it 
lifted this load at the rate of 212 feet per minute, de^^elopinga 
counter electromotive-force of 108-81 volts. The applied 
electromotive-force was 111 volts, and the resistance of the 
circuit was 0-3 ohm. The effective electromotive-force was 
therefore 2-19 volts and the current 7-3 amperes. When the 
resistance of the circuit was increased to 2-2 ohms, the speed 



Continuous-Current Motors. 509 

feu to 169 feet per minute, the counter eleetromoiive-force to 
94*94 ; the effective electiomotive-force, S - E, was tliere- 
(ore 16-06 volts, and the current 7'3 amperesas before. When 
4'8 oUuis were inseited, the speed fell to 141 feet per minute, 
and E to 76 volts; S- E was 35 volts, and the cuirent 7-3 
ampei'es as before. IfiCA ihe same load, the same current, 
whatever the speed. 

The fact that the torque of a series motor depends only 
on the cuiTent is of advantage in the application of motors to 
propulsion of vehicles (such as tram-cars) which at starting 
nqoire for a few seconds a power greatly in excess of that 
Deeded when running.' 

In the series motor, when supplied at constant potential, 
|£ is not proportional to tlie speed, because the lield-magnetism 
lii not constant, but falls oEE as E increases, being (if unsatu- 
'lated) nearly proportional to S— E. It therefore will not 
run at a constant speed. Neither will it run at a constant 
vpeed if supplied with a constant current. 

Uee of two Seriea Machines in Trammission. — It is known 
that if two similarly-constructed aeries-wound machines 
are used — one as generator, the other as motor — the 
arrangement is almost perfectly self-regnlating, the sjwed of 
the motor at the receiving end being almost constant if that 
of the dynamo at the transmitting end is constant. Every 
luldition to the load put upon the motor, tending to check 
the speed, causes an increase of current to flow, and so throws 
proportionate additional work upon the generator, which in 
turn tabes more power from the steam engine to keep up its 
I speed. As we have shown almve, the torque of the motor 
Tj will depend, in the given machine, on the cuiTent alone, 
and on the current will depend the torqne at the dynamo T,. 
Mr. Kapp has further shown ' how, if there is a resistance in 
the line, the arrangement may still be made self-regulating hy 
choosing as generator and motor two machines so wound that 
comparing their characteristics for the prescribed speeds, the 

■ S«e TvmArks by E. Hopklnaon, Prtic. Inat. CMl Bnuinttn, sci. pt. i. 
«. ISST. 

«Ka|>p'> £lK(rfral Trnnmniaaion qfEnergi/, 4lb edition, p. 190. 
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difference in their electromotive-forces corresponding to a 
given value of current shall be equal to the electromotive- 
force requisite to drive that particular current through the 
resistance of the whole circuit. See Chapter XXVIII., on 
Transmission of Power. 

The late Sir C. W. Siemens ^ drew attention in 1880 to the 
singular properties of the combination of a generating dynamo 
and an electric motor, instancing a locomotive motor which, 
when descending an incline, quickens its speed and actually 
becomes a generator of currents, paying back the spare power 
into store. He also remarked how two trains driven by 
motors running on the same pair of electric rails, tend to 
regulate one another, the one on a descending portion of the 
road transmitting power to the other, as though " connected 
by means of an invisible rope." 



Shunt Motor. 



The fundamental conditions are as follows : — 

T — r ^' N • 

and, adopting the appropriate form for the law of magnetiza- 
tion, 



E = §^l-f^)— raC. 



From the first three of these we get 

1 JcmmaX Soc, Telgr, Engineers, ix. 301, 1880. 
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aad, transposing and writing Y f or Z N -^2 *, 

and from the last of the four 

Inserting the value of C, we have 

'2r.Y j ^ r. Y ga f 

Case (i) ; 6 constant. 

The last equation shows that a shunt-motor, supplied at 
oonstant potential, wilt have a speed that would be constant 
and independent of the torque if it were not for internal re- 
sistance; and further, that the consequent falling off as the 
torque increases will be the less as the lield-magnetism is the 
more powerful. 

As an example, a Victoria shunt motor testeil by Mr. Mordey, In wblch 
the load waa varied from HI'S X 10' to 1357'2 X 10' dyne-centimetres, only 
decreased Its speed troin It^G Xo 1&'T5 revolutions per second. 

It is instructive to contrast the self-regulating power of a 
shunt dynamo with the self-governing power of a shunt motor. 
The former, when driven at a constant speed, generates 
electric power at a nearly constant potential ; the latter, when 
supplied from tlie mains at a constant potential, would furnish 
mechanical power at a nearlj' constant speed ; and in both 
cases the departure from absolute constancy is proportional 
to the internal resistance of the armature coils, and to the 
output electrical or mechanical, of the machine for the time 
being. 

So far we have supposed the armature to exert no magnetic 
reaction. Now. as we shall see. to obtain sparkless running 
there must be a backward lead, and in motors a backward lead 
tends to demagnetize. But demagnetizing tends, as we have 
geen, to increase the speed ; hence in the case of constant pres- 
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sure supply, when there is a great load, the very reaction of 
the great current will tend to prevent the speed from falling, 
making the shunt motor very nearly self-regulating. These 
reactions must now be considered in detail. 

Case (ii.) : C constant. 

The determination of this case is more complicated, though 
the general considerations are simple enough. If the motor 
is standing still when the current is turned on, nearly all the 
current will go through the armature, next to none through 
the shunt ; hence there will be little magnetism, and therefore 
almost no torque. Such a machine will not start itself with 
any load on ; but if it be once started, its counter electro- 
motive-force will cause the current in the armature to decrease, 
whilst that round the shunt increases. Tlie torque will there- 
fore then increase with 
the speed, but not inde- 
finitely, for as the mag- 
netism advances in its 
degree of saturation, the 
increase of N will no 
longer compensate for 
the decrease of C^ ; and 
from that point onwards 
the torque will decrease 
if the speed is allowed 
to increase. And, hypo- 
thetically, the speed 
should increase until the 
motor's own electro- 
motive-force exactly 
equals the difference of potentials due to the whole of the 
constant cuiTcnt flowing through the resistance of the shunt, 
under which, circumstances there will be no current through 
the armature and zero torque. Fig. 333, which, like the 
preceding, is taken from Dr. Frolich's work, gives the 
•nechanical characteristics for the two cases. 




Fig. 333.— Mechanical Characteristics 
OF Shunt Motors. 



Continuous-Current Motors. 513 



Reaction between Armature and Field-Magnets 

IN A Motor. 

On pp. 70 to 80 and pp. 380 to 395, the reactions between 
the armature and field-magnets of a dynamo were considered 
in detail, but attention was confined solely to that which occura 
when the dynamo is used as a generator. In that case we 
noted that the cuiTent in the aimature tended to cross- 
magnetize the armature core and to distort the field in the 
sense of the rotation ; while the forward lead of the brushes, 
needful for sparkless commutation of the current, tended to 
exercise a demagnetizing effect. The same thing is true of 
a motor; but with a difference. A current supplied from an 
external source magnetizes the armature and makes it into 
a powerful magnet, whose poles would lie, as in the bipolar 
dynamo, nearly at right angles to the line joining the pole- 
pieces, were it not for the fact that in this case also a lead 
has to be given to the brushes. Suppose, as in most of the 
drawings in this book, that the S-pole of the field-magnets 
is on the left, and the N-pole on the right. Also that the 
current so traverees the armature that it causes the highest 
point to be a S-pole and the lowest point a N-i)ole. This 
means that if the armature is wound riglit-handedly the 
current must come in through the top brush and leave by the 
bottom one, the top brush being connected to tlie -f- main. 
Compare witli p. 60. Clearly, in this case, the armature 
will rotate right-handedly, because the S-pole at the top will 
be repelled from the S-pole on the left and attracted toward 
the N-pole on the right. It will therefore run right-handedly 
(in a right-hand field) when the current flows downwards from 
top to bottom, exactly as the armature of a generator must 
run in order to send a current upwards. In each case the 
direction of the induced electromotive-force is the same — 
upwards — with the current in the generator, against the 
current in the motor. 

It follows that in a motor a forward lead would convert 
the cross magnetizing-force into one that tends to increase 
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lo stop or reverse its current. Now we know that the coii- 
(litioQ of noD^parking requUes that at the raomeut whilst the 
coil piloses under the lirusli, and is short-circuited, it should 
be passing- througli a field that is not only sufficiently strong, 
but one that t«nds to reverse the direction of its current. It 
isab-eady in sucli afield; hence the act of commutation must 
take place before it passes out of this magnetic field. It must 
be coiuniuted before it arrives at the highest point. In other 
woi'dn, a backward displacement must be gi ven to the brushes 
if there is to be no sparking. The neutral line n 71' will there- 
fore rake backwards in a motor into the fringe of the magnetic 
field. But since (in every case) both eddy-currents and 
hysteresis tend to shift the magnetic field slightly in the 
direction of the rotation — increasing the lead in a geneiator, 
diminishing it in a motor— it follows that the negative (or 
backward) lead in a motor may be slightly less than the 
positive (or forward) lead in a generator, for equal flow of 
current and equal excitation,^ The advantage in point of 
weight of a motor in which the armature should help to 
excite the field-magnets, thereby reducing the weight of the 
latter, led Professors Ayrton and Perry,' in 1883, to advocate 
designs with weak field-magnets and powerful armatures 
acting with a forward lead. But from the foregoing con- 
siderations it follows that if a forward lead is given to the 
brushes of a motor in order to get a more powerful rotation, 
the motor will spark at the brushes, unless some special 
device, such as that used by Sayers, for the prevention of 
sparking, is employed. Minimum of sparking may be recon- 
ciled with high efficiency by so designing and constiiicting 
motors that the armature shall not perturb the magnetic 
fleld due to the field-magnets. This can be accomplished by 
following out the very same principles of design and con- 
struction which were found to be con-ect guides in the case 
of dynamos used as generators (p. 386), Mr. Sayers, whose 
method of winding armatures with auxiliary commuting coils 

' This appears to bp the evplanacion of the differences — uLbcrwlse uoinipor- 
Uiil — obserred by Snell ; Journal liiat. Bhctr. JCngineers. six. 104, 1890. 
^Journal Soc. Tettgr. Enainterg, kEI. Ma; 1S8S. 
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was considered on p. 395, has applied the same method^ to 
the armatures of motors. With this device the current flows 
through the armature sparklessly even though a considerable 
forward lead is given to the brushes ; and in this way the 
armature is able to help the magnetization of the field-mag- 
nets. For description of a motor on this plan, see p. 540. 

Mr. Mordey,^ who lias carefully tracked out the analogies 
l)etween dynamos and motoi*s, has observed that in several 
respecte it is even more impoitant that the rules laid down 
for the good design of generators should be observed for 
motors. Eddy-currents must be even more carefully elimi- 
nated. Also the greatest attention must be paid to proper 
mechanical arrangements for transmitting to the shaft the 
forces cxciUmI by the field-magnet upon the armatures. 

Contrast the conditions which are bound up in the dis- 
position of the nijignetic fields of the generator and the motor 
respectively. In one the armature is mechanically driven 
round while the niai^netic forces in the field tend to pull it 
back. In the other, the magnetic forces of the field tend to 
drag it round, and it is thereby enabled to do mechanical 
work. In one case tlicre is an opposing mechanical reaction 
tending to stop the steam engine. In the other there is set 
up an opposing electrical reaction (the induced counter 
electromotive-force) tending to stop the current.^ In both 
cases the rotation is sup])osed to be taking place in the same 
sense — right-handedly. In both the effect is to displace the 
lin(»s of fon^e of the field, but in the generator the mechanical 
rotation acts as if it dragged the magnetism round, whilst in 
the motor the reciprocal magnetic reactions act as if they 
tried to drag round the armature, producing mechanical 

1 Tnst Electr. Enginenrs^ xxll. 377, 1893 ; xxlv., 1895. 

8 Phil, Mag., Jan. 1880. 

* The law of the electrical reaction resulting in a generator from the me- 
chanical motion Is Slimmed up in the well-known law of Lenz, that the in- 
durt'il current is aUnnyn such that hy virtue of ita electro-magnetic effect it 
tmils to stop the motion that generated it In the converse case of the me- 
chanical reaction resulting, in a motor, from the flow of electrical energy, it is 
easy to formulate a converse law, viz. I hat the motion produced is always stick 
by virtue of tfie magneto-electric inductions which it sets up it tends to 
the current. 
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rotatiou. Ill the usual type of geiienitor we found aimiklesa 
reveisal to require a positive lead. In the motor, on tlie con- 
trary, sparklesa revei-aal necessitates a negative lead. If a 
iiiot«r is set with 110 lead, and if the field-magnets are very weak 
or are not excited at all, it will run in either direction accord- 
ing as it may be started. If in a motor with well-excited field- 
magnet the current be revereed in the armature part of the 
circuit only, the motor will usually revenue its rotation, but 
will usually require the lead lo be reversed to ruu as spark- 
lessly as before. If, instead of reversing the current in the 
armature, the magnetism of tiie field-magnet be reversed, 
a similar result will follow. If both are revei-sed at the 
same time, the motor will go on rotating as if nothing had 
happened. 

Dynamos wound and connected for working as generatoiti 
of continuous currents may be used in all cases as motors, 
but with some difference. A series dynamo set to generate 
currentii when run right-handedly (and therefore having a 
forward light-handed lead), will, when supplied with a current 
from an external source, run as a motor, but runs left-handedly 
against its brushes. To set it right for motor purposes requires 
either that the connections of the armatuie should be reversed, 
or that those of the fleld-magnet should be reveraed (in either 
of which cases it will run right-handedly), or else the brushes 
must be reversed and given a lead iu the other direction (in 
which case it will run left>-handedly). A shunt-dynamo set 
ready to work as a generator will, when supplied with current, 
run as a motor in the same direction as it ran as a generator ; 
for if the current in the armature part is in the same direction 
aa before, that in the shunt is revei'sed, and vice vertd. A 
compound-wound dynamo, set right to run as a generator, 
will run as a motor in the reverse sense, against its brushes if 
the series part be more powerful than the shunt, and with 
its brushes if the shunt part 1)6 the more powerful. If the 
connections are such (as in compound dynamos) that the field- 
magnet receive the sum of the effects of the shunt and series 
windings when used as a generator, then it will receive the 
difference between them when used as a motor. Tlierc are 
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certain advantages in using a differentially-wound motor, as 
will appear hereafter. 

The subject of alternate-current machines as motors is 
treated separately in Chapters XXIV. and XXV. 

Reversinq Gear for Motors. — A motor, as will be seen from 
the preceding discussion, can be reversed by the operation of 
reversing the current through the armature, and at the same mo- 
ment reversing the lead. But reversing the current can also be ac- 
complished by rotating the brushes through 180°. Consequently 
both these actions may be accomplished by the single operation of 
advancing the brushes through 180° -2 0, where is the original 
angle of lead. But as the brush would then slant in the wrong 
direction, it is usual to provide a second set of brushes. This is, 
indeed, Hopkinson's method of reversing. He employs two i)airs of 
brushes, eticli pair being capable of moving about a common pivot, 
80 that either tlie pair having a lead in one direction, or the pair 
having a lead in the other direction can be let down upon the 
commutator. The result of this arrangement is that, by moving a 
lever, the angular lead and the direction of the current are reversed 
at the same instant. Such reversing gears are obviously most use- 
ful in the industrial applications of motors, and if the difficulties 
of sparking at the brushes caused by the sudden removals of them 
from the collector bo obviated, must prove much better than any 
mechaiii(;al device to reverse the motion by transferring it from 
the axl(» of the motor through a train of gearing to some other 
axle. One great advantage of electric motors is, that they can be 
easily fixed directly on the spindle of the machine which they are 
to drive ; an advantage not lightly to be thrown away. Carbon 
brushes are almost always used for motors, as their position end- 
on is suitable for revolution in either sense. 

Various other forms of reversing gear have been proposed to 
accomplish the desired end. If the field-magnets of a motor 
are so powerful relatively to the armature that no lead has to be 
given to the brushes, the rotation can be reversed by reversing 
the polarity of either part. In Immisch's larger motors, the 
reversing-gear, which is very substantial, removes one pair of 
brushes and puts down at the same diametral points a second 
pair, reversed in position and polarity. 

The form of brush shown in Fig. 248c, p. 320, is designed by 
Holroyd Smith for motor work, as it allows of rotation in either 
direction. So also do carbon-brushes, such as Fig. 249, p. 321. 
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Another mode of reversing was suggested by the author ^ 
in 1882. It is indicated in Fig. 335. It consists in joining 
one of the brushes to a point half-way along the field-magnet 
coils, which, though connected across the mains as a shunt. 




Fio. 335.— Electric Reversing Gear for a Motor. 

must not be of very high resistance. The current in the 
armature can then be reversed by simply switching the 
second brush from one main to ^the other. This principle is 
used in Maquaire's regulator for arc lamps, but is not suita- 
ble for large motors. 

Government of Motors. 

It is extremely important that electric motors should be so 
an-anged as to run at a uniform speed, no matter what their 
load may be. For example, in driving lathes, and many 
other kinds of machinery, it is essential that the speed should 
be regular, and that the motor should not " i*ace " as soon as 
the stress of the cutting tool is removed. 

Interruptor Governor. — One of tlie earliest attempts to 
secure an automatic regulator of the speed was that of 

1 Specification of Patent, No. 5122 of 1882. 
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M. Marcel Deprez, who in 1878 applied an ingenious method 
of interrupting the current at a perfectly regular rate by intro- 
ducing a vibrating break into the circuit. The motor em- 
ployed had a simple 2-part commutator, whose rotation timed 
itself to the makes-and-breaks of the current. This method 
is, however, inapplicable to large motors. 

Centrifugal Governor, — Another suggestion, equally im- 
practicable on the large scale, was to adopt a centrifugal 
governor to open the circuit whenever the motor exceeded a 
certain speed. A motor so governed runs spasmodically fast 
and slow. 

It is also possible for a centrifugal governor to be employed 
to vary the resistance of a part of the circuit ; for example, to 
work an automatic adjustment to shunt part of the current of 
a series macliine from its field-magnets, or to introduce ad- 
ditional resistance into the field-magnet coils of a shunt-wound 




Fio. 336.— Automatic Centrifugal Governor. 



machine, in proportion as the speed falls. A case is shown 
in Fig. 336, in which a centrifugal governor driven by the 
motor alters the number of exciting coils in the field-magnet 
circuit, causing the magnetism to increase if the motor runs 
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too fast, and so brings down the speed again. This method 
was proposed by Brash, and ausweiB well for motoi% in series 
in ai-c-light circuits. 

Periodic Qorernor. — Ayrton and Perry proposed sevenil 
formsof "periodic "centrifugal goveruor, a device by which in 
every revolution power is supplied during a portion of the 
revolution only, the proportion of the time in every revolution 
during which the power is supplied being made to vaiy 
according to the speed. As the main difficulty with such 
governors is to prevent sparking they are only applicable 
to very small motors. But there is a still more ladical defect 
in all centrifugal governora : they all work too late. They do 
not perform their functions until the speed hjis changed. 

Dynamomvtric Govenion. — The author devised ' another 
kind of governor which is not open to this objection. He 
proposed to employ a dynamometer on the shaft of the motor 
to actuate a regulating apparatus, consisting, either of a 
periodic regulator to shunt or interrupt the current during a 
portion of each revolution, or of an adjustable resistance con- 
nected in part of the circuit. The dynamometric part may 
take the form of a belt dynamometer (such as Alteneck's) or 
of a pulley dynamometer (such as Morin's or Smith's), In 
tlie latter case, which is the more convenient, a loose pulley 
runs on the motor shaft and is connected by a spiing arrange- 
ment with a fixed pulley. The rotation of the motor will 
drag round the fixed pulley in advance of the loose pulley, and 
the angular advance will be proportional to the torque. The 
amount of such angular advance determines the action of tlie 
regulating part. The regulator in this case ia therefore worked 
not according to the speed of the motor, but according to the 
load it is carrying, Anj" change in the load will instantly 
act on the dynamometric governor before the speed has time 
to change. If such a governor is purposely over-set it may 
even have the effect of causing the motor to run faster when 
the load comes on than it does when running idle. 

Governing. — Another method of governing, not 
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requiring any rotating parts, has been proposed by the author. 
He uses as field-magnets a double set of poles, set at different 
angles with respect to the brushes of the motor. One pair of 
magnetic poles, having a certain lead, is actuated by series 
coils, the other pair, having a different lead, by shunt coils 
(see Fig. 265{?). When both shunt and series are working, 
there will, of course, be a resultant pole having some inter- 
mediate lead. If the load of the motor is diminished it will 
tend to run faster, increasing the current in the shunt part, 
decreasing it in the series part, aiid therefore altering the 
effective lead and preventing the increase of speed. 

In 1880 a motor was patented by Andi-^ in which the 
field-magnets were wound in two separate circuits, one of 
thick and the other with thin wire, the current dividing 
betwen them, and the armature was connected as a bridge 
across these circuits as the Wheatstone's bridge. Motors 
governed on this principle were constructed about 1884, by 
Lieut. F. J. Sprague ; they show remarkably good regulation. 

The method of automatic regulation that is most perfect 
in theory is undoubtedly that of Professors Ayrton and Perry,^ 
and is expounded in the following pages ; it results in a 
differential compound winding. 



Theory of Self-governing Motors. 

In the chapter on Self-regulating Dynamos, on pp. 224 to 
242, were set forth tlie methods of solving the problem how 
to arrange a dynamo so that it shall feed the circuit with 
electric energy under the condition of a constant pressure, 
when driven at a constant speed. The solution to that problem 
consisted in the employment of certain combinations which 
gave an initial magnetic field due to a shunt coil, and an incre- 
ment to that field dependent on the current that might be 
flowing in the main circuit. 

Now it is not hard to see that this problem may be applied 

^Journal Soc. Telegr. Engineers, vol. xii., May 1883 ; see also a later 
paper in Phil. Mag., 1888. 
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conversely, and that motors may be built with a. combination 
of arrange uientti for their field-magnets, bucH that, when sup- 
plied with currents under the standard conditions of constant 
pressure in the mains, their speed shall be constant whatever 
the load. It will be evident, without any numerical calculsr 
tions, that tlie windings must oppose one another — one must 
tend to magnetize the field-magnet, the other to demagnetize. 
Take the case of a ehunt motor supplied at a constant poten- 
tial 3, and running at a certiiin speed with a certain load. 
If the load is suddenly removed the motor will begin to race, 
its lacing will incraase the counter electromotive-force devel- 
oped and will partly cut down tlie arraature-onrrent. But the 
decrease of current will not be quite adequate to bring back 
the speed, because of the internal resistance of the ai-mature, 
which Las prevented the whole energy o£ the armature current 
from being utilized as work. A demagnetizing series coil 
wound on the field-magnet will, however, effect what ia wanted, 
for then, witli any I'eduction of load, the corresponding re- 
duction of current can take place, the resulting increase in the 
field-magnetism being sufficient to get the required larger 
counter electromotive-force without any increase in speed. 
For constant-current distribution no method of compound 
winding, whether differential or additive, has been found 
satisfactorj' ; special regulators must be employed. 

The following synoptical table contrasts the arrangements 
for self-regulating generators witli those of self-governed 
motors: 



gfoen ComtanX SpttA. 
To got ( nemtta-nl. 
iniMoJ iiMgiietism 
+ Bedt^regulating colls. 



1 ateel maKiiBts- 



Jbjef ConKaid Speed. 
aiven S eomtnni 

(I Stee) iitEignats. 
Initial magnetism J Si>pamb> excltaUon. 
I Sbimt -Mlla. 
— Bedea-repitatlng foIIb. 



In discussing the theory of the self-governed motor, we 
shall follow the same general lines as in discussing the theory 
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tji die ^aH-regnlaxinq generacoc^ namely, frnii as cqiatian 
expriMsiiu^ die (ie»iefi comirdoiL o£ conscsuiej. 

SkmU *jr Sep^smttiiy'^sxcitfid Xttor with Sir i t * f w ^mla i img 
CnH^ — Xlmiq die :iiuBe ziotacioa a» pmriocBstr, we InTe far 
die enmnter eiectrQixiocive-&>n:e devi^aped in die armanue — 

also 

E=;& — (rs-Kr«)C 

jIFow N is made ap of two par^>. Tiz* : — Ni ^^ p^nBanent 
port Twhicii In a ^fiiint; motor L§ «^iial to q S«Cv wliere S« is 
the anmber of windings in the :ib.iint>. and aoodier part 
defending on die seriesi oolL which, we maj write 9 S^ C, 
where S« Ls the number of win<lin^ in series and q has the 
same signification as on p. i^, and is equal to 4 x divided 
bjr ten times the sum of the magnetic relnctanceaL Its valae 
therefore depends apon the permeabilitr. and therefore upon 
the degree of saturation of the iron of the magnetic circuit. 
Reserving this point for farther consideradoo. we may write 

If we hiad written -r instead of — , we shoold find the 
solotion coming out with the negative sign, indicating that 
the windirigH must be <o arranged that the cnrrent in the 
series coil circulates in the negative or demagnetizing sense. 
We write the negative sign, however, as we already know that 
this must be so. We also assume at present that there are 
no armature reactions. Substituting the value of ^ in the 
fundamental equation, we have 

E = 7i(ZNi-Z9S.C); 

and equating this to the other value of £ in the second 
equation above, we find 

zN,-zys^- L'J 

laving thus obtained an expression for the speed, we 
t examine the various parts of the expression to see which 
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are variable and which constant, and so deduce a relation 
which shall make n constant. Now in both numerator and 
denominator there are two terms, the first of which is a 
constant, whilst the second of each contains the variable C. 
A little consideration will show that the fraction cannot have 
a constant value unless the two coefficients of the variable in 
the second terms bear the same ratio to one another as do the 
two constants which stand as the first term ; or n cannot be 
constant unless 

or 



N^ jS« 



[II.] 



which is the desired equation of condition. 

If this condition be observed (and it will be noted that 
the quantity of series winding required is proportional, as in 
the self-regulating dynamo, to the internal resistance of the 
machine), then the speed will be constant and of the value 

From the first of these relations we see that the speed at 
which the machine is thus governed to run is the same speed 
as that at which, if driven as a generator on open circuit, it 
will yield an electromotive-force equal to tliat.of the supply 
at the mains. When running as an unloaded motor, it ought 
of course to turn so fast as to reduce the current througli its 
armature to a minimum, which it can do by running at this 
speed. It is evident that by making the permanent part of 
the magnetism strong enough, the critical speed — tliat is to 
say, the speed for which the motor is self-governing — may be 
made as low as desired. As the load on the motor is in- 
creased, the flow of current through the armature must be 
increased, and this increased current cannot flow unless 
in some way the counter electromotive-force of the anna- 
ture be diminished^ As the speed is to be kept up, this is 
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accomplislied by tlie lowering of tlie magnetism, which occun 
consequence of the increased current Sowing through the 
magnetizing coils. The quantity denoted by q, which 
[eperids on the permeability of the iron, may be taken at iiq 
avenige value between tlie two extremes which it has at 
maximum load and at zero load, since in a well-designed 
motor the resistances in the armature-circuit are very small, 
and the efficiency as a whole high, the demagnetizing effect 
of the series coils, even at full load, need only reduce the 
magnetization by a small percentage. Moreover^ with the 
ikward lead given to the brushes to prevent sparking, tbe 
'mature itself will act partially as a demagnetizing series 
hil, and so conijiensate for alteration in the permeability, 
magnetism is a maximum when the motor is running 
impty. When the load is greatest, if ths motor is running 
■t, say 80 per cent, efficiency, E will be 80 per cent, of § ; Uiat 
is to say, W will be 80 per cent, of ^ |. It is between these 
limits in the magnetization that the value of q must be 
averaged. It is evident from equation [HI-] that if tbe 
motor is already provided with a given series winding, there 
can he found a value of S. for which the condition of self- 
governing can be still fulfilled. In tbe case of a shunt 
motor, the above equation is capable of further simplifieation ; 
for we know that S = C,r., where /■. is the resistance of the 
shunt, and N , = y S, C,. Substituting these values n 
[II.] above, we get H 

which is AyrtoH aud I'erry'a rule for the winding of the self- 
governing motor. Motors wound differentially in the propor- 
tion indicated in equation [IV.] are very nearly self-governed. 
Some excellent motora by Sprague were wound according 
to this rule. One veiy curious property of this method of 
winding is as follows :— Suppose the motor to be standing 
still and the current turned on, the ampere-tunia due to the 
shunt will be equal to & S.^r., whilst those due to tlie 
eeries coil will be S S. ^ ra X ''. ; »■"! these, according to 
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equation [IV.], will be equal, and they are ot opposite sign. 
There should then be no magnetism excited at all. But if 
there is any lead at the brushes, the magnetizing tendency 
of the armature will come into play; and if the brushes have 
A considerable negative leiid, tlie effect will be to magnetize 
the field-magnet in the wrong geiise, mid then the motor starts 
the wrong way. The defect might be remedied by cutting 
out the series coil or reversing it, until the motor lias got up 
its speed. The latter course is preferable, as the additional 
torque of the series motorisof great advantage in overcoming 
the statical resistance to motion experienced at starting. 

It is obvious that the number of shunt^tums should theo- 
retically be such that the motor, driven on open circuit at the 
given speed, shall generate an electromotive-force equal to g. 

Praclical Determination of the Shunt and Series Windings.^^- 
As in the case of compoimd windings of dynamos (p. 238) so for 
motors, the proper windings can be found by simple exjrerimentH, 
a temporary coil being wound and separately excited, and a rc- 
Btstance equal to the f 11 ture r^ bein g added to the armature resist- 
ance. Two experiments are required. Run the motor first with 
no load at the brake, using the proper pressure V, and excite the 
temporary coil, observing the number of ampere-turns thai are 
needful to briikg the speed down to the required n The number 
of ampere-tums in this ciwe is equal to S, C, , where C, is the cur- 
rent, which economy dictates should he used iu the shunt. Sec- 
ondly, run the motor witli the fullest load at the brake, and 
again excilo the fietd-magnet with such a. number of ampere- 
tums that the spceil is constant at n. From this and the pre- 
vious experiment 8„ can bo calculated. 

The efficiency of a differentially-wound motor cannot be 
expected to ho quite as high as that of one which ia not 
differentially wound, since the energy expended in the former 
case in magnetizing the field-magnets is greater i-elatively to 
the amount of magnetization produced. 

> It ihould be pointed out ttut llils prot^pss dlfTors from tliiit sug^enleil \>j 
ProfeMors Ayrlon and Peny in tlieir paper on elPCLromotors, In Joarnal 
Soc. TeUg. EnginceTs. Maj 188.3, Their method depend* on the volumo 
]^ on the bobbins uf the Beld-magnets, which is Msiuued to be constant. 
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Mechanical Characteristics of Compound 
Differential Motors. 

It may be convenient here to consider the graphic repre- 
sentation of the regulations between speed and torque in 
motors provided with mixed windings.* 

The curves for constant-potential supply are shown in Fig. 
837. The letters M and S refer to main circuit windings and 




Fkj. 337. 

MKCHANICAL ( 'HARACTEIUSTICS 

AT Constant Potential. 



Fig. 338. 

Mechanical Characteristics 

WITH Constant Current. 



shunt windings respectively. The forms of the curves for 
mixed windings differ somewhat according to the proportions 
of tlie two sets of coils. The important case is that of the 
differential winding marked S — M, having a few series turns 
to correct the droop of the pure shunt-winding, and it will be 
noted that up to a certain limit the speed is nearly constant, 
but that there is a maximum value to the torque. In the 

xjase of constant-current supply, as the curves of Fig. 338 

I 

■^ The author is indebted to VroViclC s IHe Dy nam OPlektrischeJdaschine tor 
the curves of motors with mixed windings. Similar curves have been de- 
duced by Rechniewski, see Seances de la Societe de Physique^ 1885, p, 197» 
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show, the only winding which gives any approximation to a 
constant speed is the differential winding with large shunt and 
small series coil. For, as in the case of the constant-current 
generator, the variation of the magnetism has to be carried 
through an enormous range, defying any averaging of the 
magnetic permeability. 

An elegant graphic method of treating the projalem of self- 
government of motors is given by M. Picou in La, LuTniere Elec- 
trique, xxiii. 114, 1887. 

Shunt Motor. — It was observed by Mr. Mordey,^ that if 
a pure shunt motor is constructed upon perfect designs — that 
is to say, having very small resistance of armature and very 
large resistance of shunt, and having also field-magnets, which 
are very powerful relatively to the armature, and an armature 
properly laminated and sectioned so as to reduce eddy-currents 
and self-induction to a minimum — such a shunt dynamo, if 
supplied from mains at a constant potential,will run at a nearly 
constant speed winatever the load.^ The slight demagnetizing 
action of the armature when a negative non-sparking lead is 
given to the brushes acts, in fact, instead of any special de- 
magnetizing coil. The following tests showed a constancy 
to within li per cent, for all loads within working limits. 



Potential at 
Terminals. 


Current 
(amperes). 


Horse-power 
at Brake. 


Revolutions per 
Minute. 


Torque 
(pound-feet). 


68-4 


44 


11 


1125 


5 15 


68-4 


126 


7-4 


1120 


33-4 


^8-4 


165-5 


10-36 


1115 


48-8 


68-4 


180 


1114 


1110 
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With a lower electromotive-force the same motor regulated 
almost equally well, but at a lower speed. It was observed 
that, especially when the motor was giving out small horse- 
power, the speed was increased by weakening the field. 

1 See Phil, Mag., January, 1886. 

2 This might have been foreseen from the equations of p. 525, in which if 
jFa -I- r"* = 0, the condition of regulation will give Sm = 0. 
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Other MgGuid9 of Gocenung Jfotora.--A fortiiar ttnggyja i jn for 
goivemia^ motors is due to Mr. Xordej and Ifr. C. l^alBon. 
Tbej wind the armature with two windings* faarin^ aefMrate 
eommutators. One winding — the main one — » the ordinarr 
armature circuit of the motor, and is supplied with current from 
the external source, caurang the armature to revolTe. The other 
winiiinir. which maj he called the regulating annmtare winding, 
is small in .unount. and is disposed ov^. or side bjade with, ihe 
main motor- winding. This additicMial winding is not connected 
to the mains or source of current, but to the field- winding by 
means of a special commutator or ct^Qector and brushes. It will 
be ribserved that this additi«>nal armature-winding; revo l v in g in 
the field, constitutes a generatt^r of current. The regulating 
action is as follows : — When a tendency to increase in speed 
results from a diminution of the looti. the atiditional annakiire- 
winding tendi* to increase the strength of the field by sappljring 
more current to the field-coils, and thus raises the opposing elec- 
tromotive-force of the mot4:»r, diminishes the amount of current 
received from the mains, and so reduces the speed to its normal 
rate. Again, an increase of the loa«i, tending to reduce the 
speed, is counteracted by a lessening of the DiAgnetizing current 
producetl by the additional winding, a oonsequent lowering of 
the opposing electromotive- f«>rce of the motor, and an increase of 
the current receireii fr'>m the mains. It will be seen that as this 
plan is ftiimmative it d*j*^ not re<iiiire so great an expenditure of 
energy in the fields as a differential winding : nor is it open to 
the objection that the motor may start in the wrong direction. 
On the other hand, it has? the drawback of requiring an additional 
commutator. The method has given very good results. 

A pK/ftsible mode of governing constant-current motors is by 
providing a variable magnetic shunt, in the converse of the 
manner suggested by Trotter for constant-current generators. 
Various other modes ^ of controlling the speed by altering the 
magnetism have been suggested, but few of them are automatic 
or reliable. 

1 See a most interesting and fully illostnited paper by F. B. Crocker in 
Electrical World, xiiL 311, 1«89. 
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CHAPTER XXI. 



MODERN FORMS OF COSTINOOUS-CURKENT MOTORS. 

Almost any good modern dynamo (independently excited, 
shunt wound, or compound wound) will serve as a motoi' on 
mains supplied at tbe proper pressure; but iittention has to 
be paid to tlie setting of the brushes that it may ruu rightly, 
and the machine bo used must be one that will give the 
proper voltage at the proper speed. In designing motors 
precisely the same principles hold good ' as obtain for design- 
ing generators ; for the same features, namely, low internal 
resistance, powerful field-magnets, and proper elimination of 
eddy-currents, which go to make a good generator, also apply 
to the making of a good motor. For example : suppose it is 
desired to design a 10 H.P. motor to run at 50O revolutions 
per minute, when supplied from 200 volt mains. Now 10 H.P. 
is 7460 watts; a motor to give out actually 7460 must be 
allowed to absorb (at 85 per cent, nett efficiency) 8776 watte. 
Further, if its electrical efficiency is tn be, say 90 per cent.,'it 
most generate 180 volts of counter electromotive-force. 
Dividing 8776 watts by 180 volta we find 48-75 anipei-es as 
tbe current it must take at normal load. If, therefore, we 
simply set to work to design a dynamo with good powerful 
field-magnets capable of generating 50 amperes at 180 volts 
at a speed of 500 revolutions per minute, we shall have 
obtained what we wanted. 

Snell has given the following rules for expressing the 
actual H.P. which may be safely and continuously t^iken f i-om 
continuous-current motors : 

Ring amiatureB, 2-pole ; 

Drum armatures, 2.pole ; I 

'Pordiscusslonof theaubjeclof loolurilBsign, seeapaper by Snell Id T7ie 
MtcMtUyn, udl. 31S and 403, 1839 ; alao Joum. IiuE . Sluclr. Etiginecrs, 
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>t i^maclz^f^ uujl i .^ uameceEL m. au^aes, 

Tc lu^nt ift liippf'MefL imjn die ipesxin^f fiamBmaL: U:as 
mi- te=w*.nnnnii it .noroia ttu iaz»»2iiiiufi&. TTien^ xs^^ hfj^- 
•>v^7. 'iirrraia nni^uai ^inxi:^ it "nai-yiinr> ~iiar Jai^e^ '^ome iz.\a 

TSisf urmacire uui ui nrtriTUj. .-^-''nirziu^ "reiir-msigiec TLey 

i^irmsuxnttr, "Xi -dULiiLK 'iie!iL til nil iTiarkLeafrLT. ami ci>x:^ 

ninom 'VHSTft JUiisitmcrr'i _ii tue -Muriles;: »irticioiiu i:c iKLs book. 
A acriit liirt*r -;:i*:»^ilK'.in i.-iTiii in a) 'f*t':';nl i!:r5«Hpt?Tn*r were 
4sniiacrat:r^i 17 B^r-.k^^nziuin, r.nmirKiii .mtL oditio.* wii^a were 
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iWUr* of .ir^=':'l a'"i •'^^•^"•==- r-^l^^^-^-i '^ tram^y work without 
to artLtic'..il re«Lsunoe*. au-l a'-x? of obtaining a 



ijf; in ?,urliricr, when all the c-.-L? are in series. 



Irnrr.ivh'-. motor* were ani.m-st the nrsi lu EngUnd to 

U- tv.ll ar.'l mechanically cot.structed. The armature cores 

wi-r- hnilt ..r. of insnlated disks, having at the ends, and at 

i„U,;val., thir^kcr disks provided with projecting drivuHJ- 

, all the di^ks luring secun-ly keyed to the shaft. The 

'„g» were in»ulat«d with WiUesden paper protected with 
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india-rubber vamish. In the commuting arrangements special 
means were taken to cut out the coils as they reach the neutral 
point ; the effect, according to the inventor, being to diminish 
cross-magnetizing influences and obviate changes of lead. 

In Immisch motors carbon brushes. Fig. 249, p. 821, are 
used. The mode of driving the core-disks of the large 
machines is shown in Fig. 224, p. 294. 

A 30-H.P. motor, designed by Mr. A. T. Snell, for mining 
purposes,^ weighing 850 kilogrammes, gave the following 
results : — 



Revolutions 
per Minute. 


Volts. 


Amperes. 


E.H.P. 
absorbed. 


H.P. 
eriven out. 


% 

Efficiency. 


660 
680 
675 


500 
500 
500 


49 
48 
49 


33 

32-2 

33 


29-8 
29-5 
20-5 


•90 
•91 
•89 



A number of firms — for example, Messrs. Cuttriss of 
Leeds, M. Trouv^ of Paris, and Messrs. Crocker and Wheeler, 
in New Jersey — have made a speciality of small motors for 
driving fans, lathes and otlier light running machinery. 

All large firms who construct continuous-current dynamos, 
furnish them also as motoi-s, in some cases making special 
patterns, the only difference being that a machine designed 
for a motor usually has the field-magnet carried to a rather 
higher degree of saturation, and made relatively more 
powerful than in the corresponding size of d3'nanio. If two 
machines are to be used together as generator and motor, the 
former being driven at a constant speed, the latter will not 
run at a constant speed at all loads if they are of identical 
construction, for the voltage given to the motor falls as the 
current in the line increases. To make the motor run at 
constant speed it should be wound with fewer armature con- 
ductors in proportion precisely to the efficiency contemplated. 

* See notes by Mr. SneH on Electrical Work in Mines, in Troc, South 
Wales Institute of Engineers, July 27» 1891. Also lecture on Electricity in 
Mining, by author of this book, published by Messrs. Spon. 
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Table of Data of Sfraoue Motohg. ^^H 


Oie Sgaxee in the first column refer to dimensions indicated in Fig. 840). 
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For instance if the electrical efficiency of the transmissio 
is to iKf 85 [jer cent, the motor armature should have t 
l>er tent, of the number of conductors that there are in ili 
generator armature. As an example see Brown's 240 II. 1 
motor mentioned on p. 412. 

Sj»nviut's M'jtora. — Seveml Arms have made a specialit 
of motor work. Amongst American engineers, Lieut. V, > 
Spracrue wiis earlv in ilje lield with several forms of motor t 
exeeilent de>ii:n and ei»nsiruetion : manv hundreds of ihei 
Were in u>e in ilie Stales for lifts, maeliine tools, and theliki 
until liis rirni w;v.> aniitlgamaied with the Edison Co., idtv 
wLilIi i::iu- t]ie Eii:>«i:i ItijNjhtr dvnamo was substituie«l 
One form .-i :!:v>e niaoliiMes. re>emirang the ••Manchester' 
type oi dy:jA:iiO. ;> >Ll'w:i in Fig. 340. Sprague's method 
of w;:.J::.^^ i],^- ::-'.. i-:iia^::e:s wi:h a differential compouml 
wi:.a:::j :>;.•,:;:;.;. with ;]..!: invented in 18Si by Avilon 
iii.vi 1\ :: V. ,;.. : :, ;.:. - v.:-.*:. il.e i>e of a nni in series with the 
a::::. .:.::•.- ::■ :. :...,^:... :;^v .j:: i \vv.»ke:i il.e lield.^ Many otliej 
■ > : ..•.:".■". ^ : j '.-.::. i :. j a : . i : ra.. t i ^-al a j jplicat ion 
• • ' ■■: • :: ;. >:■:.::•:•,-. Ti.e ivfereni.'e iiii/nljey 
• 1" .:- •-:•..:- : :". • -: .:.-::.«» :::ve:i in tlie act-oi 
- ' . '^. '': .•••'. '..'.. : .v:-^»::vr -:r-?ofa uvlI-WDik^ 
■ : ...!..'.•- . .-. '..- '.-. ;:: -.- :. F-: fuillirr dirtails 1 
■" • ■ • ■ • . '. :'.: ... ::.:> : •.;Ml>:.trJ in the tt-L-hn 
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these motors, consisting of a switch, witli resiataiices, so 
wranged that the field-magnet is first excited, the armature 
tlicii thrown into circuit with a i-esLstance which, when the 




FlU u41 — (.K K.EER UHEELEa MOTOR 

motor acquires speed is cut out by a further movement of the 
starUng switch. For use in avc-light circuits * a centrifugal 
gorernor is added to the shaft. For sizes up to 10 II. P. tlje 




FiH. 343.— Abmattre of Crocker- Wheeler Motor. 

bipolar tjTJe is used, but for large sizes i-pole designs of the 

Ijpe of Fig. 278 are preferred. 
The following table gives some statistics about these 

machines. 
For further accounts of the Crocker-Wheeler motors, and 
' For •ome accountB of motors for coostant'CUtTeiit circuits, see KlfCr 

Meat Wnria. ST. 2U0, \mi ; xvil. 120aiid ISO, 1H)1 ; also Electrkian, xxv. 

10, «}Biid 131, 1 
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I type, with special adaptations for use in coal-mines : ' the 
i moving parts beingenclosedso that all poasihility is removed 
I of a spark at the brushes causing an explosion. As shown 
} in Pig. 3-14, the commutator and brushes, which are of carbon, 
L we completely boxed in. 

Salens Mimnff Motor. — An entirely-enclosed mining 
I motor, having fixed brushes and compensating artnature on 
t Snycrs* design, has been introduced by Messrs. Mavor fuid j 
[ Coulson. Fig. 345, which gives a section of this machine. I 
J shows the position of tlieauxiliary poles P^, the use of which 
. flescribed on p. 395. A 30-kilowatt motor, running at 
700 revolutions per 
minute, weighs S732 
lbs. complete. The 
core-disks are deeply 
slotted with 4 main 
conductors and 3 com- 
muting cnnductore in 
each of the 108 slots. 
The armature body is 
9J inches long, and 17J 
in diameter. 

Electric Locomotivr 
Motor* , — Many motors 
have been designed for 
propelling tramcais and 
for electric railways: 
the points that inveiil- 
oi-s have chiefly con- 
sidered being strong 
mechanical design of armature, slow speed with or without 
gearing, and construction that will i-esist deterioration, by 
water, mud, dust, or overbeating. Owing to the enormous 
rush of current just at starting, the annatiue must be capable 
of enduring the severest toi-que, and be practically fireproof 
aa well as waterproof. Fortramcardriviugasingle-reductiqi^ 
See Ilie author's ElccMeily fn Minlnj/, p- 38, for acscripLiona ol 




Fio.— Saters" MtNUJO Motors. 




Iftl-ouCten and other tuLuins appliaucea. 



o^^HI 



gear has found geneml favor, but for heavy railroad work 
all gearings for siweding down have gradually fallen into 
disfavor, direelHlriving slow-speed forms being more re- 
liable. All this imjilies the employment of motors with 
relatively powerful field-magnets. This is not the place to 
enter on a detailed account of electric locomotion in general, 
or to describe any of the huiidi'eds of lUectric tramways and 
railways uow running. Suffice it to say that the lighter 



^BoSet-tramway systems liave developed to an enormous 
extent in the United States, where alone more than 10,000 
miles of electric street lines are at work, mostly with nn over- 
liead trolley -system of supplying current to the cars. The 
nsual pressure is 500 volts. Generators suitable for such sys- 
tems are described on p. 433. With respect to the motors, 
apart from the difficidties arising from damp, dii-t and 
vibration, tlie main difficulty lies in designing the magnet, 



Flo. J14G.— Magnets for Street-Car Motor. 
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Birhicb must be both powerful and very compact. An early 
■form used in tlie Statea resembled No. 32, Fig. 103, p. 163, 
^but inverted.^ More modern forma bave four poles wi tb veir 
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short cores, with an arrangement for hinging the joke-frame 
in two parts as sliown in P'ig. 346. The armatures of these 
motoraarethoserepresentedinFig. 217 in act of being wound. 
Fig, 347 gives other views of motor armature construction. 
and OB J). 542 are given graphically the results of some t«su 
of II 30 II. P. street-car motor of the Westiiighouse Company 
when supplied at 500 volts. Itwillbeseen that the efficiency 
is close to 80 per cent. Id the table ou p. 543 are given 




Fio, 3i7.— ARMATruEs IS PnoTBsa op Conhtruction. 




some data respecting anotlier teat of the same motor when 
run at 460 volts. 

For tramway work Messrs. Mather and Piatt make a 
standard type of single-reduction geaj-ed motor, as shown in 
Fig. 348, one-twelfth actual size. It is a Gramme armature, 
with single magnetic circuit steel magnets, suspended at or 
about their centre of gravity by a free suspension and carried 
on the other end by bearings on llie axle. The aimature is 
comi)letely enclosed by casing, and the gear is of steel with teeth 
cut fi-om the solid, the ratio varj'iug from 3 : 1 to 4-5 : 1. 

Heavy Railway Zmcomotive Mutor». — In Plate XX. is 
a sketch of the electiic locomotive of the City and 
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South London subway inilway, with two 50 H.P. niotow 
ilesigued by Dr. E. Hopkinson and coiistnictetl by MeBsra. 
Miither and Piatt. Each locomotive weigliH about 10 tons, 
tx^rU 100 H.P., and can run over 25 milea per hour. Tbey 
ai-e series- wound, and run with magnets nearly satumted. The 
tractive effort with 100 amperes is 1180 lbs., with 226aniporea 
300O lbs. Fourteen of these locomotives are now running, 
and also two othere by Siemens of a pattern in which the 
field-magneta are relatively more powerful, enabling tlit? 




F^o. Wa. —Mather and Putt's Sikoi-k-redI/'ction Motor, 

Armature to give the requisite torque with less current. All 

"^e 'ourteen locomotives supplied by Mather and Piatt are 

still at Work, having been in service since 1890, and liaving 

each run during that time on an average 120,000 miles. Tlie 

K"icj>/eo/(;oiistructing the armature directly on the axle, 

fit V /^''P'c'nson introduced for the fiist time on this 

^^^ ' "** oro ji followed in all cases where large powers at 

^ sioi ,.^^ ■"'S'b speeds Ijave been required, on account of 

jpj '^""'^9 ^^ficieiicy and the small amount of wear and 
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CHAPTER XXII. 

\ 

THE PRINCIPLES OF ALTERNATE CURRENTS. \ 

In alternate-current working the current is rapidly reversed, 
rising and falling in a succession of pulses or waves. 
Electricity is in fact oscillating backwards and forwards 
through the line with enormous rapidity, under the influence 
of a rapidly-reversing electromotive-force. The adjectives 
alternate^ oscillatory^ periodic undulatory^ and harmonic have all 
been used to describe such currents. The author would prefer 
the term wave-currents as being both shorter and more apposite. 
The properties of alternate currents differ somewhat from 
those of continuous currents. They are affected not only by 
the resistance of the circuit but also by the magnetic reaction 
commonly called self-induction or inductance ; the inductance 
of the circuit having a choking effect on the alternating cur- 
rents, diminishing the amplitude of the waves, retarding their 
phase and smoothing down their ripples. They are also affected 
by the capacity or condenser action of the circuit. If a con- 
denser is placed in an electric circuit, it completely blocks the 
flow for continuous currents ; but alternating currents can 
oscillate into and out of its electrodes as though the condenser 
allowed them to pass through. On account of these peculiarities 
some preliminary account of alternating currents is needed. 

If a coil of suitable form is placed, as in Fig. 350, between 
the poles of a magnet, and spun around a longitudinal axis, it 
will have currents generated in it which at each semi-revolu- 
tion die away and then reverse. In the figure the coil of wire 
is supposed to be so spun that the upper portion comes 
towards the observer. In that case, the arrows show the direc- 
tion of the induced currents delivered to the circuit through 
the agency of two contact rings (or slip-rings) connected 



\ 
\ 
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iTespeclively W the ends of the coil. lu tlie position shown, 
3»e current will be delivered to the left-hand ring, and returus 
K£um the circuit to the liglitrhand ring ; but half iv turn later 
it will be flowing to the 
right-hand ring and re- 
turning from the circuit , 
bdok to the left-hand 
ring. Fig. 350 is. infact, 
apriniitive forniof alte^ 
uator, genemting asini- 
_ pie periodically reversed 
or Klternating current ; 
and is, in fact, the kind 
of altemaltn' known asa 
"magneto-ringer." used 
for bell service in tele- 
plionesets. The Himple 
^ revolving coil, by cutting the lines of the magnetic field, eets 
up periodic electromotive -forces, which change at every 
half-turn, giving rise to alternate currents. In each whole 
revolution thei-e will l>e an electi-omotive-forre. which riaes 
to a maximum and then dies away, followed umuedtately 





by a reversed electromotive-force, which also grows to \ 
maximum and then dies away. The wave-form depicted 
in Fig. 351 serves to illustrate this. The heights of the 
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curve above the horizontal line represent the momentary 
values of the electromotive-forces ; the depths below, in the 
second half of the curve, represent the inverae electro- 
motive-forces that succeed them. Each such complete 
set of operations is called a period^ and the number of 
periods accomplished in a second is called \hQ frequency or 
periodicity of the alternations, and is symbolized by the 
letter n. In 2-pole machines n is the same as the number 
of revolutions per second ; but in multipolar machines n is 
greater, in proportion to the number of paira of poles. 
Thus, in an 8-pole field with four north poles and four south 
poles around a centre there will be produced four complete 
periods in one revolution, If the machine revolves 15 times 
a second (or 900 times a minute) there will be 60 periods 
a second, or the periodicity will be 60. By revolving in a 
uniform field the electromotive forces set up are proportional 
to the sine of the angle through which the coil" has turned 
from the position in which it lay across the field. If in this 
position the flux of magnetic lines through it were N^ ^^^ ^^e 
number of spirals in the coil that enclose the N lines be 
called S, then, as was shown on p. 173, the value of the in- 
duced electromotive-force at any time t when the coil has 
turned^ through angle 0=2 - n t will be 

E^ = 2 r /I S N sin <^ -^ 108, 
or, writing D for 2 - w S N / 1^^» ^^e have 

E^ = D sin 0, 

In actual machines the magnetic fields are not uniform, 

. nor the coils simple loops, so the periodic rise and fall of the 

electromotive-forces will not necessarily follow a simple sine 

law. The form of the impressed waves will depend on the shape 

1 If n is the number of revolutions per second, 2 r n will be the total angle 
(in radians) turned through in one second, llence, the angle turned through 
(which we call 6)^ in any short time t will be equal to t times 2n n. For 
example, if n= 15, 2 ^r n=04-2 radians per second, and during, say one- 
eightieth of 1 second, the angle passed over will be 1*18 radians, or about 67^. 
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of the polar faces, and on the form and breadth of the coils. 
But in most cases we are sufficiently justified in assuming 
that the impressed electromotive-force follows a sine law, so 
that the value at any instant may be expressed in the above 
form, whei*e D is the maximum value or amplitude attained 
by E, and ^ an angle of 'pha%e upon an imaginary circle of 
reference. As diagrams of lines revolving around a centre are 
much used in explaining alternate-current actions, the follow- 
ing explanation ^ should be most carefully followed. Consider 
a point P revolving clockwise round a circle (Fig. 351). If the 
radius of this circle betaken as unity, P M will be the sineof 
the angle (9, as measured from 0®. Let the circle be divided 
into any number of equal angles, and let the sines be drawn 
similarly from each. Then let these sines be plotted out at 
equal distances apart along the horizontal line, as in Fig. 351, 
giving us the sine curve. 

Now, the use that we make of this diagram is this. We 
know that as time goes on, the value of the electromotive- 
force is changing from instant to instant. To find its value 
at any particular instant, we treat time as if it were an ever- 
increaning angle ; we take the nural)er of seconds or the 
fraction of a second, tliat has elapsed since a certain instant t^ 
(when tlie electromotive force was zero), and multiply it by 
2 :r w, then considering this as an angle expressed in radians, 
the sine of tliis angle multiplied by D gives us in volts the 
electromotive- force for the particular instant. It will therefore 
be seen tliat tlie point P, in revolving uniformly round the 
circle in Fig. S;")!, represents the lapse of time. If we consider 
it revolving at such a speed that it passes through 2 r w radians 
in one second, tlien the j)erpendicular P M represents (to some 
scale or other) tlie electromotive-force at an}'- particular 
instant. Now taking the horizontal line 0°-360° to repi*e- 
sent time (to some convenient scale), it is evident that after 
the lapse of the time measured by the distance from 0° to M 
the electromotive-force has the value M P ; and in the same 
way, at any other instant, the electromotive-force is repre- 

^ Thost' who are not fiiiniliar witli the probh'ins of simple-harinonic niotioii> 
should consult some moilern treatise of theoretical mechanics on the subject. 
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sented by the perpendicular drawn from that point in the line 
which represents the instant to the sine curve shown in the 
&gure. In Fig. 351, one i-evolution of P around the circle of 
reference cori'esponds to one complete alternation or cycle 
of changes. The value of the electromotive-force (which 
vnries between + O and — D as its maximum values) may 
be represented at any moment either by the sine P M or by 
projecting P on to the vertical diameter, giving O Q. As 
P revolves, the point Q will oscillate along the diameter. 
Ve may, therefore, without drawing our sine curve at all, 
merely consider a line O P (drawn to some scale to represent 
D) as revolving round O, and take its projection O Q at any 
instant as the electromotive-force. Such a diagram is known 
as a tAock diagram. 

The currents which result 
from these periodic or alter- 
nating electromotive-forces 
are also periodic and alter- 
nating; they increase to a 
maximum, then die away and 
reverse in direction, increase, 
die away, and then reverse 
back again. If the electro- 
inotive-foree completes 100 
such cycles or leversals in 
a second, so also will the 
current. 

There is yet anotlier way of representing periodic varia- 
tions of this kind — namely, by a diagram akin to tliat used 
'>^' Zeuner for valve-geare. Let the outer circle (Fig. 352) be 
^Js before a circle of i-efei^ence around whicli P revolves. Uj)on 
*i;ich of the vertical radii describe acircle. Then the lengths 
**uch as O Q. cut off from the radii, represent the correspond- 
ing values of the sine of the angle. If a card with a narrow 
slit cut i-adially in it wore made to revolve over thirt figure. 
the intersection wilh the two inner circles would show the 
varying electromotive-forces in various positions. 
The reader who desires to puisne tlio gnv]>liii; stinly of 




Flo. 332. 



552 DynamO'EUctric Mcuhinery. 

these matters further should consult the excellent ti-eatise of 
Prof. Fleming,^ or that of Mr. Blakesley,^ and sundry papers 
by Mr. Kapp.* Bedell and Crehore,* devote a whole chapter 
to the subject. In the case of real machines in which the 
magnetic fields are not uniform, nor the coils simple loops, 
the periodic rise iind fall of the electromotive-forces will not 
necessarily follow a simple sine law. The form of the 
impressed waves will depend upon the shape of the polar faces, 
and on the form and breadth of the coils. Consider the case, 
of a machine in which the field-magnets consist of a double 
crown of opposing ]K>les (as in the macliines of Siemens, 
Ferranti, Mordey, etc.). If the armature coils and magnet 
cores are both of circular foim, and equal in diameter, as the 
coils approach the polar ends of the cores they will, it is true, 
gradually enter the field, and the number of lines cut by tlie 
coil during equal displacements will gradually increase and 
become a maximum when the axis of coil and core coincides, 
and from that point it will again decrease, almost in a sine 
law : the sfreaiest rate of eiittincr l)ein2f when the ednre of the 
coil is opposite the ceiiire of the core ; but if coil and core l)e 
rectansfular in oiuliiK*, thecrreatest rate of cuttinef in each wire 
will l)e wlieii one eelLre oi llie coil is passing the edge of the 
pole. In tills ease the sine law cannot In? true for tlie electro- 
motive foree. In order lo test Avhether in any given dynamo 
tlie rise and fall of eleelronioiive-foree and of current in the 
armature eoils lon forms to the law of sines, experiments are 
neeessary. Jonlx^rt, in order to measure the currents of a 
Siemens dvnamo, employed an eleetronieter method, and 
took olY the enrreni ar any desired phase by a special com- 
mutator, and fonnd an approximate curA'e of sines.^ Another 

1 Flemini:, Tl\e Alffrw'tf Cvn'fnt Trnn>tformfr, London, 18S0. Also n 
paper on Polar Diau'raiiH, KJt 'fru^i'iu. xxxv. 4:]. 

- l>lakosltn-. AU'nmtiwj C>irni,tsnT'Ehrtriciti/, London, 1S89. 

3 Kapp oil " Alternato C'urr.iit Marhinery.*' Pnu'. /«sf. 0>i7 Eiifjinefn*, 
IS^^O. pt. iii. ■» IVdell and O.'hore. Alt* r.uit;wi Cnrnnfs, London, 1S«^>. 

6 For n^foronces as to mo<lern varlotie* of this metliod see p. 712. Dnrini: 
recent years many experimental motlio<ls liave been given for detemiininfjthe 
shape of the curve followed by the variations of alternating electromotive- 
forces and currents. The reader should consult the methods pursued by Ryan, 
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Fig. 353.— Curves of 
Alternators. 



method, applicable also to direct-current machines, due to 
Mr. Mordey, is described. 

In Fig. 853 are given four curves for a half-period. Of 
these one is a sine-curve, the other three from actual alter- 
nators, showing how nearly they agree with a true sine-curve. 
The one which agrees most 
nearly is that of the Mordey 
alternator, which lies just 
within the sine-curve nearly 
throughout its whole extent. 
The curve is usually more 
peaked in machines which 

have the coils sunk between 

iron teeth and have much 

armature-reaction. In the 

Niagara generators they are, 

on the contrary, rather flatter- 
topped and broader than true 

sine-curves. We are then 

sufficiently justified in assuming that the impressed electro- 

niotive-force follows a sine law. 
*' Virtual " Volts and Amperes, — Alternate current volt- 

metei-s and alternate-current amperemeters do not measure 

Amer, Inift. Elec, Enylneers^ 1888 and 1889; also Electrician^ xxiv. 263, 
1890; Bedell, Miller and Wagner, Amer. Inst, Elec, Emjineers^ x. p. 500 ; 
Fleming, Electrician, xxxiv. 460, 507, 1805 ; L. Duncan, ibid. 617 ; Hicks, 
ihid. 61J8. Fleming's method is applicable to determine the form of the 
current curve at any part of a circuit. See also a paper by Barr, Burnie 
*nd Kodgers, Electrician, xxxv. 719. 

Some controversy arose in the columns of the Electrician and of the 
f^ectrical World, in the autumn of 1894, as to whether there was any ad- 
vantage in alternators giving a sine-curve. Fleming has since found that 
certain transformers worked with a distinctly higher efficiency when oper- 
ated by an alternator giving a peaked curve than when operated by one 
giving a nearly pure sine-curve for the electromotive-force. On the otlier 
hand, this form appears to be undesirable for motor-nmning. As a matter 
of fact, the form of the current curve depends, not only on the constniction 
(tfthe alternator, but also upon the modifying influences of capacity and 
self-induction in the* circuit. The presence, in the circuit, of transformers 
with iron cores and of motors will modify the curve ; and the modification 
will specially depend on tlie degree of saturation to which the iron cores are 
carried at each cycle. A paper by Barr, Beeton and Taylor, in the Elec- 
trician^ xxxv. 257, 286, la of greati importance. 
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rootrof-raean-square values. If an aUeniatc-cunent ampere- 
meter reads 100 amperes, that means that the current really 
rises to + 141-4 amperes and then reverses to — 141-4 
amperes; but the heating effect and the amount of power 
delivered are the same as if the current were 100 continuous 
amperes, and therefore such a current would be described as 
100 virtual amperes- 
It may be remarked in passing that the virtual electro- 
motive-force of a dynamo wound for alternate currents will 
therefore be l-l times higher (compare p. 589) than that of 
the same dynamo wound as a continuous-current tljniamo of 
the same cunentrcarrying capacity: or will be 3 '2 times 
higher if, while the same wire is used, the alternator is not 
re-entrant, but forms a single circuit. 

The distinction between virtual and maximum values is 
important since certain effects — for example the tendency to 
pierce insulation with a spark — depend on maximum, not on 
virtual values. For example, if an electrostatic voltmeter 
reads 10,000 volts; the maximum value (supposing the law 
of variation a sine law) will be 14,142 volte. It the curve is 
more peaked than that of the sine curve, the maximum will 
be higher. 

Ute of Clock Diagrams. — In these polar dlagmms the 
amperes or the volte that are undergoing periodic cycles of 
change are represented by the projection on some given line 
(in this book, the projection on a vertical line is taken) of a 
line supposed to revolve almut a centre. Such diagrams are 
of so frequent use in tlie study of alternating curi-euts that a 
few further points about them are given. 

Differences of phase are in the clock diagram represented 
by differences of angular position. For example, if two 
revolving pointers O V and O C (Fig. 354) are going round 
at the same rate, but always one a little behind the other, 
they will not come to their respective maximum at the same 
instant. Projecting them upon the vertical line we see fliat 
at the moment when O V has revolved so far that the angle of 
position is ff, its projection will liave the value O v ; while 
the other pointer, which lags behind by an amount measured 
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bj the angle # (=^ O C), has for its valoe as projected, tbe 
length O c. When O v gets to its maximum (that is when 
y arrives at the top), O e will still be behindhand. The 
yalaes of the two projections are O p = O V . sin 9 ; and 
O <r = O C . sin (^ — «). The angle ^ is the difference ofphate. 
To add together two different alternating quantities— for 
instance two electromotive-forces — that have the same period, 
it is not sufficient simply to add their numerical values. 
For instance, if there are two coils in series in a circuit in one 
of which there Is being induced an alternating electromotive- 
force of 40 volts, and in the other an alternating electro- 
motive-force of 30 volts (lK)th having, let us say, the sam^ 
frequency of 100 periods per second), the total electromotive — 
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force will not be 70 volts unless the two electromotive-forces 
happen to be exactly '* in phase." If there is any difference 
of phase between them the resultant will be less than 70 
because they do not come to their maxima at the same time. 
To ascertain the value they have when added together we 
must apply the principle of summation of vectors with which 
every engineer is familiar in the ordinary compounding of 
forces by constructing a parallelogram. 

Let O P and O Q represent two electromotive-forces, of 
the same period, but with a phase difference between them of 
P O Q which we may call angle ^ . Completing the parallelo- 
gram by drawing P R equal and parallel to O Q, we get the 
resultant O R which represents the relative magnitude and 
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phase of the resultant revolving vector. The projection O r 
of this line will always be equal to the sums of the projections 
O p and O 9 of the two components. Now, by ordinary 
geometry we have O R = i/0~P2T^OQ2T~2P~Q^or^ 
This is obviously a maximum when ^ = zero. For instance 
if in the above example O P =40, O Q = 30, arid = 37°. 
it will be found that the resultant O R is 66-6. 

If the two components are at right angles to one another, 
on the diagram one will have its maximum at the instant 
^when the other has its minimum. They are then said to be 
-«n quadrature^ or as some electricians say, in quarter-phase. 
If they are equal in themselves the resultant will be greater 
^han them in the proportion |/~2 ^^ !• For example, the 
resultant of two alternating electro- 
motive-forces of equal period, of 100 ^ 
(virtual) volts each, that are in quad- 
rature, is 141-4 (viitual) volts. 

Products of Periodic Functions, — 
Suppose we have two periodic func- 
tions — say two currents, or a current 

and an electromotive-force — both L^l— ^7—^; — = 

varying with the same periodicity, 
but having different amplitudes and ^^^- ^^^• 

a difference of phase between them. 

Let one be called p = O P sin e\ the other ^ == O Q sin ,5; 
where O P and O Q are their respective maxinuini values 
(as in Fig. 356), and ^ the angle of phase-difference between 
them equal to e — ?. Now, suppose we want to find the 
mean value of the product p q. This product will itself vary, 
but not as a sine function, and therefore is incapable of being 
represented as a line revolving. It will at certain instants — 
four times in each cycle — have zero values, for jt? comes twice 
to zero, and q comes also twice to zero. It will also have 
negative values when either ^ or 5' is negative. Its mean 
value will be the mean of all the values of the product during 
one complete cycle. 

At the instant shown the product will be jt? 5 = O P . OQ 
cos fi . cos /5. A quarter-period later the two lines O P and 



rO Q will stand to the axis — O Y in the eaiae relations as they 
I now stand to the axis O X, and the product (being positife) 
\ will then be 

p'g' = OP . OQiini9.Bin^. 
I Taking the mean of these two values, we have 

ftl± 



+ Bm0. ain ji) 



= 4 O P . O Q (cos e . 

= 4 OP . OQ cos (9— (S) 
= 4 0P .OQco8#. 

I Now this is obviously independent of the actnal position of » 

loP of |3! that is to say, for every position the mean of the 

value Ijetween that position and the position at right angles is 

the same all Uieway round. Hence this value is the required 

true mean value of the product. 

We shall make use of this theorem later. 
A geometrical construction to illustrate the above is given 
in Fig. 357. Let O P and O Q represent the maximum values, 
of two periodic functions as having phase-difference the angle 
* or P O Q. Turn either of them (in this case O P) through 
a right angle so that it occupies the 
position O S, tlien complete the paral- 
lelogram O Q T S, and draw the triangle 
O Q S. The area of the parallelogmm 
is equal to O P . O Q cos *, and the 
area of the triangle is equal to j O P.O Q 
cos #, and therefore represents the mean 
product. 

A further deduction is of use. Sup- 
pose p and ^ to be identical; we shall then obtain the mean 
value of the square of the periodic function by writing O Q ^ 
O P and * = o ; so that cos 9 ^1. Then we get, 

mean value of ^* ^ i O P*. 

I In other words, the mean value of the square of the sine is J. 

Lag and Lead. — Alternating currents do not always keep 

I in step with the alternating volts impressed upon the circuit. 

\ If there is inductance in the circuit the currents will ta/i; if 
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there is capacity in the circuit they will lead in phase. Fig. 358, 

illustrates the lag produced by inductance. The curve 

marked V represents the alternating volts ; that marked C is 

the current curve. Distances measured from O along the 

horizontal line represent time. These curves are in fact 

similar to what would be obtained if curves were plotted from 

Fig. 354 in the same way as that plotted in Fig. 351, the 

points V and C being taken instead of the point P. The 

impulses of current, represented by the blacker line, occur a 

little later than those of the volts. But inductance has another 

effect of more importance than any retardation of phase; it 

produces reactions on the electromotive-force, choking the 

current down. While the current is increasing in strength the 

reactive effect of inductance tends to prevent it rising. To 




Fio. 358. — CtJRVE OF Current Laoginq BEmND Cxjrve of Volts. 

produce a current of 40 amperes in a resistance of 1^ ohms 
would require — for continuous currents — an E. M. F. of 60 
volts. But an alternating voltage of 60 volts will not be 
enough if there is inductance in the circuit reacting against 
the voltage. The matter is complicated by the circumstance 
that the reactive impulses of electromotive-force are also 
out of step : they are, in fact, exactly a quarter period behind 
the current. 

The Reaction of Inductance, — We have seen that every 
current is surrounded with a whirl of magnetic lines all along 
its length, the number depending on the permeability of the 
medium, and the distance between the going and returning 
wires. If the circuit consists of coils whose convolutions lie 
near one another, the whirls or loops of magnetic lines 
belonging to one part of the circuit will enclose another p:irt 
of the circuit ; so that whenever the current is growing or 
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dying away these loops of magnetic lines will be cutting 
across some other part of the circuit. In fact there will be 
self-dndtiction^ and the amount of cutting of magnetic lines 
that goes on when unit current is turned on or off (and which 
we may call the coefiBcient of self-induction, symbol L) will 
be proportional' to the square of the number of spirals so 
reacting ; or L is proportional to S^. The presence of an 
iron core helps the magnetic field due to each convolutiou to 
thread itself around all the other convolutions. If the 
sectional area, length and permeability of the magnetic cir- 
cuit in question are A, I and fi ; then L = 4 ;: S ^ /x -r- 10^ / ; 
where the factor 10® is introduced because the unit of induc- 
tion, the henry^ is chosen to correspond to the ohm and other 
units. 

So then whenever in a circuit having an inductance L, the 
current is growing, there will be a self-induced electromotive- 
force reacting and tending to prevent the current growing ; 
and the magnitude of this will be proportional both to L and 
to the rate of chiinge of the current. If an alternate current 
of C (virtual) amperes is flowing with a frequency of n cycles 
per second througli a circuit of inductance L, the re«aotive 
elect romotive-fou'e,^ will be 2 - n LC (virtual) volts. If, for 
exanipl(», T. = 0-002 henry, n = 50 periods per second, and 
C = 40 amperes, the reactive electromotive-force will be 25*1 
volts. Now, if we wish to drive the 40 (virtual) amperes not 
only through the resistance of 1| ohms but against this 
reaction, we shall require more than GO volts. But we shall 
not require 00 -f 25-1 volts, since the reaction is out of step 
with the current. Ohm's law is no longer adequate by itself 
as a guide. To find out what volts will ]ye needed we mUvSt 

1 This is ciilcnlated as follows. Hy definition, L, the coefficient of self- 
induotioi\, or inductance, represents the amount of self-enclosing of magnetic 
lines by the circuit when the current has unit value ; when current has 
value C the number of lines enclosed is C times L. And, as the self-induced 
electromotive-force is proportional to the rate of change of this number, we 
may write E = L. (i C / (H. Now C is assumed to be a sine function of thti 
time having Instantaneous value Co sin. 2 tt n t ; where Cq is the maximum 
value of C. Differentiating this with respect to time we get dC/d< — 27r 
n Co cos 2ir n L Tlie " virtual " values of cosine and sine being equal we 
have for £ the value 2 :r n L C, but differing in phase from the current 
bva^ nerjod. 



The Principles of Alternate Currents. 561 

calculate, either by algebm, or by geometry ; and for greater 
simplicity we will have recourse to geometry. 

Geometrical Investigation of the Law of Alternate Cur- 
rents. — Plot out (Fig. 359) the wave-form O A 6 rf, to cor- 
respond to the volts necessary to drive the current through 
the resistance, if there were no inductance. The ordinate a A 
may be taken to scale as 60. This we may call the R C 
curve. Then plot out the curve marked — jp L C to represent 
the volts needed to balance the reaction of the inductance. 
Here p is written for 2 n n. The ordinate at O is 25*1 : and 
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the curve is shifted back one-quarter of the period : for when 
the current is increasing at its greatest rate, as at O, the self- 
inductive action is greatest. Then compound these two curves 
by adding their ordinates, and we get the dotted curve, with 
its maximum at V. This is the cui-ve of the volts that must 
be impressed on the circuit in order to produce the current. 
It will be seen that the current curve attains its maximum a 
little after the voltage curve. The current lags in phase 
behind the volts. If O rf is the time of one complete period 
the length v a will represent the time that elapses between 
the maxima of volts and amperes. In Fig. 360 the same facts 
are represented in a revolving diagram of the same sort as 



Fig. 354. Tlie line O A represents tlie wortiiig volts RXC, 
whilst the line A D at right angles to O A represeute tlm J 
ael£-iuduced volts p L C. Compounding these as by the! 
triangle of forces, we have as lliQa 

I ." , p impressed volts the line O D. The 

^^-<^^^j ^^^~\^ projections of these three lines o 
7\ \ vertical line while the cUagiam re*l 

/ \ \ volves around the centre O givafl 

I \ the instantaneous values of 

\ vl / *'^^^ quantities. The angle A D, > 

\ \ / or *, by which the current lags 

>«... ^\j ^^ ^^ behind the impressed volte, is 

O termed the angle of lag. However 

Fia. 360. great tlie inductance or the fre- 

qneney, angle * can never tte 
greater than 90". if O A is 60 and A D is 251. O D. 
will be 65 volts. In symbols, the impressed volts will have 
to be such that E»= (R O^" X (p L C)*. This gives ua the 
nuation : 



H«qi 



[lai 



c = ^ _ 

The denominator which comes in here is commonly calledV 
the impedance. Comparing this with the law for continuoi 
currents, namely 



C = 



rrent is governed. nM 



we see that the effect of the inductance is to make the circuj 
act as if its resistance, instead of being R, was increased ti 
\^ H^ + p^ U. In fact tlie alternate c 

> TheteTOtimpedanee ttrKl\f xuenxii tlie ratiu of an; impresaed elecLro-nx 
tive-force to the current wbicli it pnxliii^es in a conductor (see Loilge'e Moi 
em FfeiDi, p. 898), of which tlio above ia only one case, ForBLeadycurrentP 
tlie Impoilanoe is simply the resistance. F(ir variable cnrrenia it nmy ba 
lunde up of resistance, of InducUtnce, aud (If the circuit has electrnBtatip 
capacity), of permittance, III various proportions according to Ihe. farm of the 
Tarialion. For true periodic currents olieyiiiR tlie sine-law the Impedance is 
the nquaru root of tlie sum of the squares of rcalslBmce aud inductance. ~ ^™ 
currents which vary more suddenly tlie impedance will depend n 
Induction and less on resistance. 
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by tbe resistance of the circuit, but by its impedance. The 
equation tells us the magnitude of the current, but not its 

In Figs. 361 and 362 the angle of lag is seen to be such 
that tan i =p L C / R C or = y L/ R. The current is lagging 
as if the angle of reference were not 6 but 6 — 0, so that the 
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equation for C^ the instantaneous value of C at the moment 
when E = D sin 9, is 



D sin (e — ^) 



. . [II.] 



This is Maxwell's law ^ for periodic currents as retarded 
by inductance. As amperemeters and voltmeters take no 
account of phase but give virtual values, the simpler form 
preceding is usually sufiBcient. 

The relation between resistance and impedance is readily 
got from the triangle in Fig. 362 ; for clearly the angle ^ is 
such that 

ph 



sin = 



cos (p ^ 



tan <t> = 



R 

i/R2-+->2L2' 

pL 

"IT' 



If we prefer we may substitute for the impedance in the 
denominators of the preceding equations its value R / cos ^. 
The equations established above hold good, whether 

' Tbe analytical proof is given at the end of the present Chapter, p. 573. 
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maximum or virtual values are used. For example, we may 
write 

maximum E 



Maximum C = 



impedance 



or 



and 



w g^ maximum E^, 
MaxiiAum C = X cos f ; 

resistance 

Virtual C = .y^l^ ; 

impedance 



or 



\T' ^ ^ r^ virtual E ^, . 
Vii-tual C = . - X cos f. 

resistance 

The clock diagrams of revolving lines may be drawn eitlier 
with niiixinium or virtual values. 

Effect of capacity, — When an electromotive-force is applied 
to a condenser the current plays in and out, charging the 
condenser in alternate directions. As the current runs in at 
one side and out at the other, the dielectric becomes charged, 
and tries to discharge itself by setting up an opposing electro- 
motive-force. Its o])posing potential rises just as its charge 
increases. A mechanical analogue is afforded by the bending 
of a spring, which as it is being bent exerts a back-force 
proportional to the amount of bending to which it has been 
subjected. When a periodic force is applied to a spring the 
elasticity of the spring tends to hasten the return movement. 
In like manner the electric elasticity of a condenser tends to 
hasten the return flow of the current. 

The effect of capacity introduced into an alternate current 
circuit is to produce a lead in the phase of the current, since 
the reaction of a condenser, instead of tending to prolong the 
current, tends to drive it back. The student must clearly 
distinguish between the case of capacity in series with a 
circuit and the case of capacity in parallel with a branch of a 
circuit. What is said here refers to capacity in series, that is 
to say, the conductor of the circuit is actually cut and the 
ned to a condenser so that no current can flow except 
out of the condenser. If the capacity is in parallel 
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li^th a branch of a circuit, and we are considering what happens 
in that branch when there is a given alternating pressure at 
its ends, the capacity in parallel has no effect at all. If we 
are only given the pressure at some other part of the circuit, 
then the problem becomes more complex and involves the 
impedances of the circuit's various branches. Returning then 
to a simple circuit with a condenser in series, the smaller 
the capacity of the condenser the more does it react. The re- 
actance is therefore written as — 1 ' p K, being negative and 







Fig. 368. 



Fio. 364. 



inversely proportional to K (the capacity mfarad%) and to p ; 
and the angle 9 will be such that ^ = — 1 ' jt? K R. The 

impedance will be |/ R^ -+- 1 jt? K^. Figs. 363 and 364 show 
the construction that is applicable in this case. 

If both inductance and capacity are present, tan = 
(p L — 1 ' jp K) R ; the reactance will be /? L — 1 jt? K ; 

and the impedance y' R^ -f (jp L — 1 f K)^. This is illus- 
trated by Fig. 365, in which the triangle for finding is 
drawn by setting out p L at 
right angles to R and then 
deducting from jt? L a part equal 
tol \pK. 

The same construction may 
be applied to a circuit containing 
several resistances, inductances 
and capacities. 

Since capacity and inductance produce opposite effects, 
they can be used to neutralize one another. They exactly 
balance if L^l/j^^K. In that case the circuit is non- 
inductive and the currents simply obey Ohm's law. 




Fio. 365. 
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It will be seen that if Ln a cxicoit there is little resistance 
and much reactance, tfae eorrezLt will depend almost exclo- 
fiTelj OQ the reactance. For example, VLp (^ 2 r n) were, 
sar. !•») and L = 10 benrie&. while R was only 1 ohm, the 
resUtanre port of the impedance would be negligible, and the 
law woold become 

E 



C = 



^L 



The cnrrent would lag by almost 90^. 

Self-indaction cofls with large inductance and small resist- 
ance are sometimes osed to impede alternate currents, and 
are called choking coil*^ or impedance coils. This formula is . 
wanted for calculating alternate-current electromagnets ; for 
their apparent res>istance is almost entirely due to inductance. 

If the current were led into a condenser of small capacity 
(say K := jV microfarad, then 1 / p K = 10,000), the current 
running in and out of the condenser would be goyemed only 
by the capacity and frequency, and not by the resistance, and 
would have the value — 

C = E/>K, 

and its phase will lead by almost exactly 90®. 

A capacity acting laterally across the circuit, as when a con- 
denser Is placed across the two mains, has the effect of increasing 
the flow of current from the dynamo up to the points on the cir- 
cuit which are connected to it, and therefore of raising the virtual 
potentials of those points, thereby affecting the voltage of the 
rest of the circuit. There ia^ for a given frequency, resistance 
and self-induction, one particular value of capacity which would 
enormously increase the current and voltage as by a sort of reso- 
nance. These various condenser effects have been considered by 
various writers. A very clear exposition of them, together with 
the phenomena observed on the Ferranti mains on the Deptford 
supply has been given by Fleming.^ 

Mean Power. — The power cannot be calculated by simply 
multiplying together the volta and the amperes as with con- 
tinuous currents ; for when there is any difference of phase 

> Journal Innt, Electr, Engineers, xx. 3d2, 1891. 
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' tbe apparent watta so calculated sre always in excess o£ the 
true u-attg. We have seen 011 p. 558 that the mean product 
of two periodic fuuctious is equal to half the product of their 
maximum values multiplied by the casine of their pha 
difference: or 

Mean power (true watts) = ^ E,^ x ^wu X coa f. 



= E,i„ X C^ X cos f. 

One way of dealing with this is to consider the product 
ErfnXcos ♦ as the resolved part of the volta that is iu phase 
with the current, and therefore equal to C,i„ X R. Hence we 
may write the mean power (true watts) as C^„„ R. That is 
to say, if the resistance of tlie circuit is a plain non-inductive 
resistance (such as a load of lamps, or a water I'e&istance} the 
true watts spent in it are found in the usual way by the C^ R 
law. There is, however, anotlier way of regarding the matter 
us follows. 

Watt-l€S9 Current. — Whenever there 18 a great phase difference 
between volts and current (wbetber a lag due to self-induction or 
a lead due to capacity), the true watta are, ns has already been 
pointed out. much less than ftie apparent value that would be 
obtained by merely multiplying togetber the virtual amperes and 
the virtual volts. For. as we bave seen, this product must be 
further multiplied by the cosine of tbe angle of lag (or lead). 
Now there are two ways of looking at this matter, tbe product 
E,a. X Ctm X cos 9 may be regarded as either tbe product of the 
virtual ampcree into the resolved part (or effective part) of tbe 
virtual volta, or it may be regarded as the product of the virtual 
volts into the resolved part of the virtual amperes. Just as any 
force may be resolved into two component forces at right angles 
to one another, so any alternating current may be resolved into 
two component alternating currents differbg M" in phase. Or C 
may be resolved into two parts, C cos <f agreeing in phase with 
the volts, and C ein ^ in quadrature with the. volts. Tbese two 
resolved parts of the current m.iy be termed tbe tcorking ci 
retittmd the wattless ctirrenf. In Fig. S60, O E represents tbe 
effective part of the impress-."il electromotive-force O A. Of O E 



imziiL TT nr'imiac 17- 2 >. M9 . to nfinam t the 
r -iLjj. iL ' »m: «» 7-!KarT<9£ ^an O HT, in phase with 




O U. vbich is in quad- 
Wbaaerer. for other 
zl w 9 grmx^ the watt-kas 
K-: it -au- 7B=^ss vil be great also. For 
STuncM*. ▼oigLTTwirf'-g^greaie left on open 

liie primary isneuiy 



/ I 1. 3L :rnm""^;.ir* •I'viK td sdf-indiiGtkKi) with 

" ^ ~ — -^ ^2^ l£ jj were not for 



intheiionocH^B, 
J Vy^ > w-iiiii :•» i:2:i:«c ^sdzrelT watt-lessw 

^ ' * F:r ^TfcTT^ifc if there is a coirent of 100 

Wgfng 14- behind the im- 

eei T.-L^s^ ihi^ xnar be resolved into a 

:f >?•:' -rswiil Aznz^res. and a wattrless cur- 

• 

tioc:* fcccTr jl'iT ±a; lii^ i* A z^iier for care. If there is no 
Trr-:ir :tr:Tre- T:^lI^ And amperes, the apparent 
Is Ar«r :l*r siziT v^ :L«r iTue w:i:c» : and in that case ampere- 
mricr ini T:l:z:^:f:r ziij be '.is-ed.^ Bui if there is a phase 
dl5r:^L-r i > i.i^.lr •T.\::n:e:cr z-.i<:lv used : the usual form 
l-^rlHi' ii- -r.-e . :: • :;. l aI- :i-r:cr -r^::.\llT constructed so that the 
L:gL-r^-is:^:::r .ir: j.:: in :: <:.^11 cn? non-inductive. 

XumerirrJ £>t "/■/•'*. — I>-t an impressed electromotive-force of 
65 virtual volts, alt-emating with a frequency of 50 periods per 
s^.-ond. ai"t up-T-n a oin^uit having: resistance 1*5 ohms, and a co- 
efficient of «f If-induction of O'^j^ henry. Find the lag, the cur- 
rent, and the mean p«jwer. 

To find the lae:. we must find the inductance, 2 - n L, and di- 
vide this bv the resistance ; or 

tano=2-nL-^R = 2X 31416 X 50 X 0002 ^ 1*5 = 0419. 
Jyxiking in a table of natural tangents, we find that P will be 
22"' 44' ; whence a table of natural cosines gives us cos ^ = 0*9223. 

» Tliosii who arc not familiar witli this subject shoald consult the writings 
of Mr. Hlttkr*Hl«y or tUr^c of Prof. Fl«»minp. The three-dynamometer meth- 
tH\ of IJlak*-Hl<*y, th« three-voltmeter method of Ayrton, and analogous 
""•thcxlH, are all of value. Fleming in Journal InsL Electr, Engineers, 

MM, IH(»2, httH aftiT much experience given preference to a simple 

QflttiT nietho<l. 
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Or, we migbt calculate cos ^ directly as R -r VK^ +■* "■*«' I^ 
Uultiplying coa ? into the 65 voltB, -we get 69-95, say 60, as the 
effective virtual volts, and dividing by the reaistapce gives 40 
virtual amperea as the current. The mean power is 66 X 40 X 
0-9223 = 8400 watte- 

Oeometrically this is given in Fig. 367. 

Let A be 65 to any scale, the impreeaed (virtual) volte. De- 
scribe the circle of radius A, and the eemicircle O E A. Draw 

B at right angles to A. On O B eet off O R on any conveni- 
ent scale of resistance, O 1 being taken as 1 ohm. Using same 
scale, set off S or R F at right angles, equal to the inductance 
2)rn L=0-628. JoinOF. EOF 

is the angle of lag. Draw B O at 
right angles to O F, cutting semi- 
circle in E. E O A is also angle of 
lag, hence E represente effective 
virtual volte ; and A E the cross- 
electromotive-force of self-induc- 
tion 2 w n L C. Join E R and from 

1 draw 1 C parallel ; C O will rep- 
resent the current. As O B is A 
turned through a right angle, the 
area of triangle B O C = i O A. 
O C . COS A O C = i mean power 
(see p. 558). 

There are some reasons why it is 
desirable that the induction curves of alternators should follow the 
sine-form (but see p. 712 as to effect of wave-form on transformer 
efficiency). According to the well-known theorem of Fourier, 
every complex single-valued periodic function can be analyzed 
down into a series of simple periodic functions differing in ampli- 
tude and phase, but all belonging to a harmonic seri<«. having 
frequencies that are some exact multiple of a single fundamental 
frequency. Every complex wave-curve may be regarded as built 
up of sine-curves. For example, the curve shown in Fig. 368 
may be looked upon as a compound of the two dotted sine-curves, 
one of a frequency three times that of the other. Now, if this 
complex curve represente the impressed electromotive -force of 
, an alternator with curiously- shaped pioles, what will the curve of 
effective electromotive- force (or of current) be when self-induc- 
tion is present I The amplitude ia cut down in proportion nearly 
to the frequency of the alternation. Hence the component ripple, 
which has three times the frequency, will be damped out nearly 




Dymaimo-EUttric Machinery. 



time times a« mocfa as tbe fundamental wave.> In Fig. 369 an 
shown the two wstcs, as alleicd bj a tag of 41° which cute down 
tiie fundamental to 0-75, and the ripfde to 0'35 of their respectin 
amplitudes ; the neultant wave being also shown. It is evident 
that aelf-indoctioo tends to smooth out the ripplt^, incltiding all 
parts of the ware that do not fit to the sine-form. Hence those 
alternators wbkfa giTe inductkm curreeof true sme-form are l^s 
afEected than otbers by self-indoetion in the circuit, regulate 
better, and have a higher plant efficiency. 

fliifl* Freqmfwe^ Altermitioms. — Alternations of very high peri- 
odicity, going up toss many as 10.000 or 80,000 per second, have 
been studied by ^poitiswoode.* and more receotty by Te8la,*w)M 




e very remarkable efiecte. One of his alternators 
> type as Mordey's, having numerous polar pro- 

either side,* and another was of the inductor type. 

■xcessively high frequencies the currents flow almost 

k exclusively along the surface layers of conductors, instead j 
flowing through their enttr« croes-section ; even straight r 
copper offering a relatively euormous impedai 
Wo 



* Hucli attention hu been giTen to the uislysis of allernkte- 
curves during rewnt years by Perry, Ryan, Fleming, Bedell and otbei&fl 

* Proe. Itoff, Soc, xxili. 455. 

* American In»l. El'drical Enr/infm, May, 1S9!, ! 
World, x\i. 1891. nnd Thf Electrician, xxvi. 549. 18B1. 

* See BleetricaX Engineer (N. r.), March 18, 1801. 



Torque of Alternators.— A very singular result follows the 
presence of any lag iii the current of an alternator. It waa 
pointed out on p. 487, that where amperes Bow with the volte, 
electric energy is being supplied by the machine, and power 
must be applied to drive it ; but that when amperes flow against 
a CQimter electromotive- force, there electric energy is leaving the 
circuit and being turned into mechanical energy, helping to 
drive the machine. The one iB the case of the generator, the 
other that of the motor. But now consider an alternator with 
the amperes lagging behind the volts, as indicated by the dia- 
gram of Fig. 370, It is clear that in consequence of this lag the 
amperea are sometimes flowing against the volts instead of with 




tham. In fact, we may divide each complete period such as X 
into four parts, during two of which, namely II. and IV. in Fig. 
VH, the amperes and volts are alike in direction, either both pos- 
itive, or else both negative ; during the other two parte— namely 
I. BtuI ni. — the amperes and volts are opposed in direction be- 
cause the volts have reversed in sign, but the lagging amperes 
bave not yet changed. Now, during the partial periods II. and IV„ 
*hen there is agreenaent in sign, the machine is in the condition 
of t)eiiig a generator, and will require to be driven, the currents 
to the armature setting up a counter torque. But during the 
other partial periods I. and EU., when there is opposition in 



J 



sign, the luftchine is in the condition of being a motor, ami will 
tend to drive ItseU. the torque helping it on. The conductors are 
consequently subjected to a racking action, alternately resisting, 
being driven and then helping to drive twice in each period. U is 
clear that if there is little lag there will be little motor action, 
the partial periods I. and in. being brief ; whereas if there is 
much lag the motor action will increase. If there is lag of exactly 
B quarter of a period, the motor and generator actions will be 
equal, Similarly, if in consequence of capacity the current leads 
in phase, there will be motor action in partial periods. This sub- 
ject may be considered in another way. The e!ectromotive-forc« 
change sign just as the conductors are paBsing (Fig. 371), from 
one magnetic field to another, where the lines run in an opposite 
direction. If the currents are in phase with the electromotive- 
forces, they will always tend to oppose the motion that genei 




them, and will reverse when the conductor passes into the reversed 
field OS at u. n . But if the currents lag, the force exerted by the 
field will help on the n\otion of those conductors which have 
passed from one field to the other until such time as the currents 
have reversed at 6. b. 

It follows that when there is a difference of phase between 
volts and amiieies, the mean power in a cycle is equal to the 
difference between the power which it gives out during the 
partial periods II. and IV.. and the power which it receives 
back from the circuit during the partial periods I. and III. If 
the phase difference is less than 90° the machine acts on the 
whole as a generator. If it ia more than 90° the machine acta 
as motor on the whole. If two alternators are coupled in 
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series, one to act as generator, the other as motor, the current 
will be nearly in phase with the electromotive- force in the one 
and almost exactly opposed to the electromotive- force in the 
other. This question is resumed in Chapter XXIV, 

Amalytical Trkatbiknt of BVndambntal Equations op 

AlTERNATDIQ ClTHRBNTS. 

Beginning with the caee of a loop having S3 turns, placed at 
such an angle C (measured from the initial position as in Fig. 110. 
where it stands right across the field), we see that it no longer 
encloses the whole number of magnetic lines which are present in 
the magnetic circuit. When we omit all account of self-induc- 
tion, we may write 

N,-s,N ■»■■«. [I] 

where Ni is the amount of flux actually enclosed by the loop in 
this position. 

To get a complete account of the action we must now take into 
consideration the numher of magnetic lines induced on the cir- 
cuit by itself. ^ 

If current C flow through a circuit whose coefiicient of self- 
induction or inductance is L, the whole self-induction of the cir- 
cuit will be equal to L times C ; and the product L C will repre- 

■ Neumaniv's maibematical investigation of tlie effect of coualdering the 
aelf-iniluction of llie circuit in relation to a periodic electromotive-force, 
wtas pabUslied In IS45, but flolf -inductive phenomena liad previoiuly been 
itudied by Henrj unci by Faraday. 

Other inatlieniattcal investigations of alternating electric currents liave 
been given by Weber in liis Elektrodynami»che Maaabestimmwigen, and 
by ih« following : — 

Koosen, Pogg. Ann., Ixxxvll. 388, 1853. 

Le Roni, Ann. Oiim. Phyii. [8], 1. 403. 1867. 

Clerk Maxwell, Pkll. Trans. IM.*), p. 473. 

F, Kohlrausch, Pogg. .inn., eilvlii. 143, 1873. 

Jamin and Richard. Ann. CMm. Phyt. [4], ivii., 276, 1869. 

Joubert, Ann. de v6t(ile Iformale SupMeure, [x], I8S1 ; and Journal 
4e Phyiqtp. s. ii. t. il. p. 203, 188-1. 

LonI Bajleigh, Phil. Xag., May, 1888. p. 375. 

Bopkinson, Lecture at Instit. Civil Engineers (on Electric Lighting), 18S3. 
" Jour. Soe. Telegr. Emjinetrx, xiSi. 

Ptoc. Boy. Sne., Feb. 1887. 

AhaiTActs of Ibe most important of llieae will be found In Flemmg'a book 
W tbe Alternate Current Tratuformer. 
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sent the total amount of enclosing o( magnetic lines by the con- 
Tolutions of the circuit. 

But we know that if there is a current C in the circuits wo 
ought to write the equation in full — 

N, =S, N co8»-t-LC. [11.] 

Now we know that any i-ariation in Ni will aet up induei^i 
electJDmotive- force, and that at any moment the electromotive- 
force will have the value 



E = -^; [IIL] 



dt 



where we use the negativesign to show that an increase in Ni "ill 
produce an inverse or amative electromotive-force. Any change 
in ^, , from whatever source arising, will eet up electromotive- 
force. In the abaeuce of armature reactions the only quautities 
whose variations contribute to the variations of Ni ^"^ ^ and C. 
The angle of position ^ varies from to 2 t (radians) ; that is 
to say. from VP right round to 360^, and then recurs ; and its 
cosine therefore fluctuat<« between 1 and — 1. The current C 
varies also from a certain maximum value + Cm, to an equal 
negativf* value — C..^. We will neglect all the variations ot 
the other quantities, not because these variations would not be 
instructive — for that would be quite untrue — but because of 
their lesser practical importance. Then we have ^^H 

-^^ rfN ^ _ 1(_S, Nco3g + LC) ^^ 



dt 



dt 



Now suppose that while the armature loop has turned through 
the angle *, the time occupied — a small fraction of a second — is t. 
Also take T to represent the time taken for one revolution ; so 
that if there were n revolutions ' per second, T will be 1 ' n of a 
second. Then obviously s will be the -^ part of a whole revolu- 
tion, and as there are 2 t radians in a circle, the angle expressed 
in radians will be 



M 



where/) is written short for 8 » 71, and called the pulsation. 

> For multipolar machines the number of alternatloiu la n 
than the number of revolutions in proportion to tlip numbers of pain 
polev The symbol n will in this ease stand for alternations per second. 
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Inserting this value, and performing the dilferentiation, we get 



E,= 2»»S,N ainpl — L" 



dt 



[IV.] 



Consider this equation carefully. It shows ua that when the 
dynamo is ou open circuit, so that there is uo current, then self- 
inductioD would not come in at all. The negative sign also indi- 
cntes that that part of the electromotive- force which is due to the 
self-induction oppoeea the other part. Now write D for the group 
>jfByinbolB2"MS(N- Further, we know that that part of the 
electromotive-force which ia effective in driving the current 
through the reaietance may be calculated by simply applying 
Ohm'a law. So if B,. as found in formula [IV.], be the nett or 
effective electromotive- force at the time t, we may write Et = B Ci ; 
whence 



RC,= Dsm^- 



r rfC 



This is a differential equation of the form 
idy - 



I xoei 



aj + J 



(See Boole's Differefitioi Equations, p. 38.) 
The solution ia 



Bj^_8in(0— *) 



CV-] 



e # is called the retardation or angle of lag, and has the value 
such that 



tail o ■■ 



R ■ 



In the second term of the expression on the right-hand aide of the 
above equation, the symbol c is a constant of integration, and ( is 
used in its common mathematical sense to represent the number 
2-7182. which is the basis of the Napierian (or hyperbolic, loga- 
rithms. This second term relates only to the irregularities during 
the first starting of the current, and dies out as the time t in- 
creases in value. The phenomenon of inductive rush, sometimes 
noticed when current is suddenly switched on or off, is of this 
Djiture. In general the exponential term may be omitted. 

We have therefore, got our equation for the current at time % 
asiollowe :- 
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(j^ ^ Dco8».8in (<? — ») . j-^j 

which should be compared with the value D sin ^ -i- R that the 
current would have if there were no self-induction. We see by 
comparing the two expressions that our current still follows a 
sine-function, but it is the sine-function not of the angle ^, but of 
the angle ip — ^) \ that is to say, its waves lag behind those of 
the impressed electromotive-force. Also, the amplitude of the 
current is reduced, because everything is going on as if the am- 
plitude of the impressed electromotive-force had been altered 
from D to D cos ^. Or, in other words, the effective electromo- 
tive-force is equal to the part of the impressed electromotive- 
force as resolved along the line of the lagging current. If we 

substitute for cos ^ its value R / i/R* H- p* I/, we reduce the 
equation to the form 

^_D8in(,_,)^ 

which is what we deduced from geometrical considerations. 

To establish the equations for the case of a circuit possessing 
capacity and resistance only, we may proceed very simply to 
calculate what impressed electromotive-force is needed both to 
drive the current through the resistance and to charge the con- 
denser. Assume C = Co sin ^. Let the condenser of capacity K 
(farads) have a charge q at any instant, then its potential w^ill be 
<7 / K, and the corresponding electromotive-force needed at that 
instant to drive the current will be 

RC-fi =E. 
k 

But 

Q= I C dt ^= — -Co cos ^, where ^=j9 ^ = 2 m ^. 
J p 

Substituting, we get 

R Cosin fl — JL Co cos^^ = E. 

p K 

Now divide both sides by 



\A' Vk. ■■ 
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and call 



tan^ = 



RpK 



Then 



sin ^ s — — — 

J9K 



\A''+^ 



and 



COS^=: 



v^ 



112+ ^ 



E 



Co sin id— = 



v/k'+p^. 



This indicates that the volts will lag in phase hehind the cur- 
rent ; or in other words, the current will lead in phase. 

Mean Power. — The mean power is obtained by integrating the 
power during one period and dividing by that period, and there- 
fore may be written 

TJ ^ TJ IV oR 

If we square the expression [VII.] found for current and sub- 
stitute for the square of the sine its mean value, viz. i, and then 
multiply by R we get as the mean power (in watts) 

This expression, by a well-known algebraic rule, will be a max- 
imum for variations of R, when R is such that the two terms in 
the denominator are equal, or when the resistance equals the in- 
ductance. Under these circumstances the highest lag is 45^. 
But though this is the condition for highest plant efficiency, the 
regulation is, under these circumstances, bad. Hence it is better 
to use such a machine for lesser currents than those which would 
produce so great a lag. 
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Skin Effect. — When the frequency is high, there is a tendency 
for the alternate current to distribute itself unequally through 
the cross-section of the conductor, flowing most strongly in the 
surface parts. For this reason it has been proposed to use hollow 
conductors, or flat conductors, rather than solid round wires. 
But with frequencies not exceeding 100 periods per second, this 
tendency is negligibly small in copper conductors under one 
centimetre in diameter. Where the conductor is large, or the 
frequency high, the effect may be judged from the foUowing in- 
stances calculated by Professor J. J. Thomson.* 

In the case of a copper conductor exx)osed to an electromotive- 
force making 100 alternations per second, at 1 centimetre from 
the surface the maximum current would only be 0*208 times that 
at the surface ; at a distance of 2 centimetres only 0*043 ; and at 
a distance of 4 centimetres less than th part of the value at the 
surface. 

If the electromotive-force makes a million alternations per sec- 
ond, the current at a depth of one millimetre is less than one 
six-millionth part of its surface value. 

The case of an iron conductor is more remarkable. Taking the 
permeability at 1000 and the frequency at 100 per second, the 
current at the depth of one millimetre is only 0*13 times the sur- 
face value ; while at 5 millimetres it is less than one twenty- 
thousandth part of its surface value. 

^ Elements of the Matheuidtical Theory of Electricity and Magnetism 
(Cambridge University Press.) 
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CHAPTER XXIII. 

ALTERNATORS. 

Alternators, or alternate-current dynamos, may be clas- 
fiified in three sorts : — 

I. Those with stationary field-magnet and rotating arma- 
ture. 

II. Those with rotating field-magnet and stationary arma- 
ture. 

III. Those with both field-magnet part and armature 
part stationary, the amount of mtignetic induction from the 
latter through the former being caused to vary or alternate in 
direction by the revolution of appropriate pieces of iron, called 
inductor %. 

Alternators may also be classified into Hingle-phaBe and 
poll/phase according to whether their coils are so arranged that 
the currents all rise and fall in them at the same instants, or 
whether they have two, three or more circuits so aiTanged that 
the currents in one part are out of phase with those in another 
circuit. The frequency used in practice varies between 25 
peiiods per second to 100 or sometimes 150 pei-iods per 
second ; but each machine is expected to work at its own 
proper frequency. The symbol w, used for the number of 
revolutions per second in the formulae for continuous-current 
dynamos, is also used, in formula? for alternate currents for the 
number of periods per second, as it corresponds to the numl)er 
of complete alternations there would be if the dynamos had 
but one pair of poles. For arc lighting it is impracticable to 
work with a lower frequency than 40, though lower frequencies 
are quite as good for motor driving. The higher the frequency, 
the smaller the transformers ; but very high frequencies give 
trouble, increasing the inductive drop in the mains. As it is 
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requisite in altemate-current working to hftre so mxny «lta»i 
nations in every second, and as mechanical consideration! 
forbid very high speeds, it is the general practice to make this 
class of machines multipolar, with a considerable number of 
poles of alternate polarity arranged s^in metrically around ft 
common centre. The number of s^inmetrical poles voA 
machines of different systems varies from 12 to 48 or more. 

The armatures of alternators may be of ring, drum, pole, 
or disk type ; but the grouping of the windings is in general 
different from that which would be adopted for a continuous- 
current dynamo. The field-magnet being multipolar, a section 
of the armature winding which is passing a N-pole will have 
currents induced in it that circulate in an opposite sense to 
those induced in a section which is at the same momenl 
passing a S-pole. Hence in an alternate-current ring 
successive sections must be either wound or connected s 
to be alternately right-handed and left-handed. In alteri 
current drums tlie sections do not overlap one anotiier as 
ordinary drum armatures ; nor do they overlap in alterm 
current disk armatures. 

King Armatures. — This type was invented in 1878, almatj 



A 




Pios, 373 and 378.— Ring- Akuatube Serikb 

WiNDiNos FOB Alternators. 

Bimultimeously by Gramme ' and by Wilde.* the mwn diffi 

ence Iwtween thera being that, whilst Gramme rotated 1 

' Speclflcstlon of I'atent, 953 of 1878. » Ibid, 1228 of 1878. 
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field-magnet within a large stationary ring, Wilde ratated his 
ring-armature within an external system of inwardly-pointing 
field-magnet poles (see Fig. 101, No. 28). When ring annutureB 

are iised in this type of 

dynamo, they must not 
be wound in tlie same 
manner as for continuous- 
current armatures. If the 
successive sections are to 
be connected up in series 
then they must be wound 
as shown in Fig. 372, 
alternately with right- 
handed and left-handed 
windings. If all the sec- 
tions are coiled rights 
haudedly, then tliey must 

be connected asshown inFig.373 ; for the electromotive-force 
induced in a coil as it passes under a N-pole will circulate 
around the annatura core in an opposite dii'eclion to that in- 
duced in the neighbouring coil that is passing under a S-pole. 





If a Gramme ring wound in the ordinary way is connected 
down to slip-rings from two pointa at opposite ends of a 
diameter, it will yield an alternating cun-ent when revolved 
in a bipolar field. In a multipolar field the ring will need 
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multipolar connections aUernately at points corresponding tc 
the pitch of tlie poles. In tliis case, Fig. 375, the varioua 
nections of the ring are all in parallel. 

A diagram of the Gramme alternator is shown in Fig. 376. 
The sections of the winding of this machine were four times 
as numerous as the poles, and might be coupled to feed four 
separate circuits. It is clear that the revolving poles would 
come past the four adjacent sections successively, so that the 
four iilteraating currents generated would differ inphase from 
one another. Gramme'^ was In fact a polyphase mac 
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Fio. 878.— Gramme Altehnator. 

One form of Gramme alternator, designed for use with 
Jablochkoff's candles, had four separate circuits differing 45° 
in phase from eaeh other. Another ring alternator, by De 
Meritens, with permanent steel magnets, was a favorite about 
1879. A ring armature with external magnet is used by 
Messrs. Ernest Scott and Mountaiii. 

In Kapp's early alternator depicted in the former edition 
of this book, the ring lies between a double crown of field- 
magnet poles. Other ring alternators have l>een designed by 
Rankine Kennedy, who uses a discoidal ring between alter- 
nately-spaced alternate poles within an iron-clad magnet ; and 
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by Mordey, who has suggested a f onn with two Paeiiiotti rings, 
one laminated, as armattire, one non-laminated, as field- 
magnet. 

Drum Armatures. — So far as the active wires are concerned, 
they may be coupled up quite as effectively without beiug 
wound around aring core. 
In Fig. 377, which is a 
diagrammatic picture of 
the early Westinghouae 
alternator, the windings 
lay on the outside of a 
drum core ; the sections 
being coiled separately 
in temporary frames and 
then laid upon the sur^ 
face of the core, with the 
ends turned down over 
the end core diiks and 
firmly secured. 

In the recent Westinghouae machines the coils are held in 
deep slots in the iron of the armature. Large armatures 
are built up of segmeuts, one of which is shown in Fig. 378, 
of thin mild 




steel stampings bolted 

together and assembled 

so Els to form a core like 

the larger cores shown in 

Fig. 216. p. 288. The 

joint in the segments 

being made in*he centre 

of a tooth does not affect 

the reluctance of the 

magnetic circuit. The 

coils, wound on formera, 

are at first of sufficient 

width to slip over the projections of the teeth. When in 

position their ends are nipped so that they fit closely and 

are held by the teeth from flying out. This constructiou is 
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further illustrated in Fig. 401, p. 602, wliichsliows the wooden 

wedges driven in longitudinally to make the whole compact. 

Fig. 379 has an internal revolviiig field-magnet, and u 

armature an external cylinder built of segmental core-platei, 
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Against the inner periphery of which the armature coik aie~ 
fastened. 

It is but a step from this form to Fig. 380, which shotrs 
the construction of Zipernon-sky. in which the field-magnet 




cores are made up of U-shaped stampings, and the armature 
cores of short X^^haped pieces which project through the coils, 
1 are removable singly. We are thus passing away from 
Jihn diTim type toward that with po/e armature. 
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Hopkinson's alternator. Fig 411, p. 613, is an iiiveisiou 
of this (leaigu, tlie field-magnet being fixed and external, 

IHik Armatures. — In these machines the armature coil^ 
are arranged around the perifihery of a thin disk. The field- 
magnets consist of two crowns of fixed coils, with ii-on cores 
arranged so that theii' free iK>les are opposite to one another, 
with a space between them sufficiently wide to admit the 
armature. Fig. 383. The poles taken in order round each 
crown are alternately of N and S polarity; and opposite a 
N-pole of one ci-own faces a S-pole of the other crown. This 
description will apply to the magnets of the aiternate-cuiTent 
machines of Wilde and 
Siemens, and to Ferranti's 
alternator. The principle 
will be best understood hy 
reference to Fig. 381, which 
gives a general view of tlie 
annngement. Since the 
magnetic lines run in oppo- 
site directions between the 
fixed coils, which are altei- 
nately S— N, N— S, as 
deseiibed above, the mov- 
ing coils will necessarily be 
traversed by alternating 
currents; and as tlie alter- 
nate coils of the armature will be traveled by cuiTenta in 
opposite se^se«^ it is needful to connect them up, as shown in 
Figs. 381 or 384, so that they shall not oppose one another's 
action. 

Siemens" alternators, dating fi-om 1878, realize this design 
with a thin disk annatuie built up of Wedge-shaijed coils. 
Ferranti's alternators follow the same plan, the copper 
coils being built up into a thin disk, as indicated in Figs. 382 
and 388. 

Collecting Ringt. — In those alternators in wliieh the arma- 
ture part is fixed, mere terminals are required for collecting 
the main current. In machines with rotating ai-matures 
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netal rings, foriuiii^ the tuiminals of the armature coil, slide 
\t under a t-nlleciiiig-brusli. 
Where high vnlUges are used the two slip-rings should be 
placed that by no accident can an attendant touch both at 
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B same time. It is also well to provide two brushes to each 
tf^yj to make contact sure. For alternators with stationary 
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armatures a similar but sraaller pdr of slip-rings suffice lo 
carry the exciting current to the revolving tield-magnets. 

Coupling Armature Ooih. — There are varioos ways of 
coupling up the coils of alternators, accoriliiig %o their purpose. 
For low-voltage work the coils may be coupled up in parallel 
BS in Fig. 385, so as to reduce the internal resistance ; whilst 
for supplying distant transformers and for transmission of 
power, in both of which cases high electromotive-force is 
required, the more usual mode of connecting is to join the 
several coils in series, &j in Figs. 385 and 386. 




Comparison of Continvous and Alternate- Current Winding. 
— We have seen above in the case of ring windings how a 
system of parallel grouping could be reiiched by connecting 
down at approprialB Intervals. Precisely simlliir considerations 
apply in the case of drum wijidinga. For instance, a 10-pole 
armature with 360 conductors might be wound as a re-entrant 
lap-winding by connecting forward at one end of the drum 
over a spacing of 37. and then lapping back at tlie other end 
over a spacing of 35. This is just what might be used with a 
180-part commutator for continuous currents. But suppose 
no commutator added, and ten connections brought down at 
regular intervals (as in Fig. 375) to two slip-rings : it will then 
serve as an alternate-current armature. Instead of using this 
Up Mdnding, the 360 conductors might be grouped in 10 lots of 
86 each, each lot of 36 being connected (like Fig. 377), as a 
pancake coil, opposite a polo, and thenalllOputin parallel as 
before. We shall consider later the effect of concentrating the 
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ooibnrouiid poliirpoiutSjasdistiDguished from therfiainA 
winding where they are spaced out equally, Tf we wauted to 
use a wave-winding, the number 360 will not suit for a 10-pole 
machine. We must choose 358 with a spacing of 35 and 37 
alternately. As tliis winding is in series with two circuits 
only in parallel we shall need only two connections to the 
slip-rings from points equidistant along tlie winding. 



Width op Pole-faces and Breadth op Absiatui 
Windings. 



4 



The distance from the centre of one N-pole to that of the 
adjacent S-pole may be called the piteh of an alternator. It 
is desired to know what is the best proportion for the pole- 
faces and the windings to bear to the pitch. This matter has 
been discussed by Kapp.' It involves two questions — (1) 
in what way will the voltage depend ontliu relative width of 
poles and breadth of windings ; (2) what proportions will give 
the highest plant-efficiency. If the poles are too wide, so as 
nearly to touch, not only is there great leakage, but tlie coils 
must be inconveniently crowded. It is obvious that for any 
coil to give ita best result it should be so large as toemhrace 
the whole flux of magnetic lines from each pole as it passes. 
If it is smaller, it contributes less to the total voltage. If it 
is larger it merely takes more space. Hence it is usual to 
make the width of tlie internal aperture of tlie coils but little 
less than the width of tlie pole, and to make the external width 
equal to the pitch. Compai-e Figs. 877, 379 and 382, in the 
firat two of which the inner width is i-ather less, and in 
the third rather greater than that of the pole-faces, whilst the 
double breadth of copper in the coils is about equal to the 
width of the poles. 

It has been shown on p. 45 that the average electro- 
motive-force of a continuous-current dynamo may be written 



E = n Z N -^ 10» ; 
1 Prot. /iiBfilutioii C;ti/ En'jhitnt. scvii. 18S0, pi. Hi. 
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where n was the number of revolutions per second, Z the 
number of conductor around the armature, and \\ the 
magnetic flux. We may adapt this to alternators, whilst 
keeping the two former symbols, and using ^ for the mag- 
netic flux through any one pole, by multiplying by p the 
number of pairs of poles, and by a coefficient k. 
So we have 

E (virtual volts) = t jt? n Z N -^ 10®- 

If the fluctuations followed a sine curve, so that the virtual 
volts were 1 • 1 times greater (see p. 555) than the average 
volts, and the coils all joined in series (instead of two parallels), 
then k would have the value 2-2. The value^ of k for various 
widths of poles and breadths of coils has been calculated by 
Kapp, with the following results ; the field under each pole 
being supposed uniform : — 



Pole Width, 


Total Breadth of Ck)pper In Coil. 


k 


1. Elqual to pitch 

2. fk^ual to pitch 

3. Half of pitch 

4. Half of pitch. 

5. Third of pitch 


Ekinal to pitch (covering wliole surface) 
Half of pitch (covering lialf surface) 
Equal to pitch (covering whole surface) 
Half of pitch (covering half surface) 
Third of pitch (covering third of surface) 


1160 
1-635 
1-635 
2-300 
2-830 



If there were no spreading of the magnetic field, No. 4 of 
these would be best (being also nearest sine-law). On a 
smooth core such as Fig. 377 or Fig. 879, the useful breadth 
of wires is that whicli would just lie between the pole-tips. 
The output of a machine having a given thickness of copper 
in the gap is proportional to the number of such wires and to 
the width of the pole-face ; therefore to the product of the 
two breadths, the sum of which (if there were no magnetic 
spreading) would equal the pitch. Hence the output would 
be a maximum when the breadth of coils and width of poles 



' See also Broussoii <m ** Tlie determination 
F.\^r, \rnrf'f. ISir.. xx\i. -SM]. 
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Kvere eacli half iLe i>itch. But Eliliu Thomson has fouiiv 
I expeiiiiieiit that, owing to the distortion of the magnetic fit^ 
I ivhttu the machine la luuiiing, there ia an advantage in making 
I the hreatlth of copper gi-eater than this ; this is hv dimiuiah- 
r ing tlie ajierture of the coiU to something less than one-half 
I the width of the pole-face. 

Let us consider more closely the effect of braadtli of the 

I windings in thecoila of the armature. Considera multipolar 

I revolving field magnet, such as Fig. 387, in which we will 

asHume that the pole-pieces have heen so shaped that the 

magnetic field in the gap-space hetween poles and aimature 

cores is distributed in a manner so as to give a regular and 

smooth wave-form for the curve of electroraotive-Eoi-ce induced 

I in any one conductor placed in the gup. We will represent 

I electromotive-forcea which act upwards, or towards the reader, 






b^ a dot, and those which act downwards, or from the reader, 
hj a cyoss placed in the section of the conductor, Tlien it is 
obvious that there will be induced electromotive-foi-ces acting 
upwards in those conductors in fmnt of which the S-pole 
IB moving to the right, and downwards in those which tlie 
N-pole ia passing. But these electromotive-forces will not 
be equal at the same instant amongst themselves : they will 
be greatest in those conductors which are most active, that is 
to say, in those which are passing through the sti'ongest 
magnetic field. Each conductor will go through an equal 
cycle of inductive action, hut it is clear that they come to 
their maximum one after the other. For convenience we will 
suppose this maximum to occur in each conductor as the 
middle of the pole passes it. Now suppose (as is usual in 
construction) that a number of these conductors are connected 
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up, as in Fig. 389, to form a coil ; their electromotive- forces 
will be addeJ together. If a view is taken, as in Fig. 389, 
where we are supposed to be looking back at the poles passing 
fromright to!eft, weshall understand this a lit tie more plainly. 
A moment later the N-pole will c«me right hebliid the coil 
as in Fig. 390. This figure shows that there can be no ad- 
vantage ill having the inner windings of the coil much nearer 
together than the breadth of the pole-face, since at tliis instant 
their electi-omotive-forcea are opposing one another. But the 
actual electromotive- force generated by a coil of a given 
number of turns would be greater if they could be all of the 
same size, so that all should reach their maximum action at 
the same instant. 




Flo. 390. 



Fio. 391. 



This point may be fui'ther elucidated by the use of a 
clock diagram. Suppose the maximum electromotive-force 
generated in one conductor to be represented by the pointer 
O A in Fig. 391. Then the projection of O A upon the vertical 
line O P gives the value of the electromotive-foi'ce at the 
instant wlien the angle A O P coiTesponda to tlie phase of the 
induction that is going on in the period. Let there be two 
other conductors situated a little further along so that these 
electromotive-forces would be represented separately by O B 
and O C. We have to find what the effect will be of joining 
ihem all in series. By tlie rules for compounding vector 
quantities, we shall find their resultant by dmwing fi-om A the 
line A B' equal and parallel to O B, and from B' the line 
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B' r/ equal and parallel to O C. Then O Of is the resulUnt ; 
and its projection O Q upon the vertical line gives the instan- 
taneous value of the united electromotive-force of the thre6 
conductors. Had they all been placed close up to one 
anotlier at A without any difference of phase between them 
the resultant would have been O A'", and this projected upon 
the vertical line gives O P'" as tlie instantaneous value. 

A numerical way of considering the matter may be useful. 

Suppose each conductor to generate an electromotive-force, 
the virtual value of which is 1 volt : then if three such con- 
ductors are connected up in series their total electromotive- 
force cannot be 3 volts unless they lie so close together that 
they all receive their maximum values at the same time. Any 
spreading out of the coils mut^t lower the value of the resultant 
electromotive-force. 

It is therefore worth while to calculate a breadth-coeffi- 
cient for a coil of any particular angular breadth. Let the 
symbol V' stand for the difference of phase between the centre 
of any coil and its outermost conductor on either side. If the 
machine has a two-pole magnet the value of V is simply half 
the angular breadth (in radians) subtended 1)3' the coil. If the 
machine is nmltipoli\r, having p pairs of jmles, then the angle 
V' of the phase-difference will be equal to half the angular 
breadth (as measured on the machine) multiplied by jo. Or, 
if the linear breadth of tlie coil measured along the circum- 
ference be called ft, and the diameter of the machine is t/, the 
angle V' of the phase difference corresponding to the half- 
breadth will be =b p-^ d. Now the average value of the 
virtual electromotive-force in all the conductors comprised 
within this breadth will be given by the formula 



— I (' ' cos Y . a Y \ 



where e is the virtual value electromotive-force in any one 
conductor and /- is the angle of difference of phase between 
the K.M.F. in aiiv conductor of the coil and the E.M.F. in the 
'•eiilral conduclor of the coil. If we call the part of this ex- 
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pression which depends on ^ the breadth coefficient, and 
denote it by y, then performing the integration we have 

y = sin V' -^ y*. 

In order to give some numerical values we may anticipate 
some of the constructions later shown. For instance, in a 
ring wound witli four coils each covering one quadrant (as 
in Fig. 467), 

V' = 45° = radius: q= 0-90. 

In the case of a ring wound with three coils, each covering 
120°, 

V' = 60° = radius : q = 0.82. 
In the case of a ring wound with 6 coils each covering 60°, 

V = 30° = radius : q = 095. 

As an example consider a multipolar 2-pliase generator, 
having armature conductors carried through holes in the core 
disks, and having 12 equally spaced holes in the repeat 
from one N-pole to the next N-pole. In this case six of the 
conductors belong to one phase, six to the other, and each 
group will consist of three up and three down. The three 
in a group occupy one-fourth the whole breadth, or are 
equivalent to 90° on the circle of reference : but as the con- 
ductors are confined within lioles, the virtual angular dis- 
tance between the two outer conductors of the three is 60°, 
and the half-distance 30° ; whence q = 0-95. 

There has been much controvei-sy whether armatures 
should or should not have iron cores. Iron cores are certainly 
inadmissible in thin disk armatuies, as they would inevitably 
jamb against the pole-faces. Owing to the liigh frequency 
of alternation, the loss by hysteresis in machines with iron 
cores becomes serious, unless the magnetization is kept down 
below 7000 lines per sq. cm., and even then is not negligible. 
On the other hand, there is more loss by eddy currents ^ in 
the copper in machines not having iron cores. 

* Sec remarks by Elihu Thomson in comment on Kapp's paper, loc, cit. 
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Modes or Excitation of- Field-Magnets. 



In the older machines the tield- magnets were either of stB 
permnnently lUHgiieiized, or else electroningnets separately 
excited. About 18t>9 began the practice of making these 
ichines self-exciting by the method of diverting a small 
cun-ent from one or more of the armature coils, whieli were 
for this purgko^e segxirated from the rest, this current being 
passed through aeommutator, which rectlliedlthc alternations 
aiid made it suitable for ma^ictizing the field-magnets. This 
device is used in the "composite" 
altfemators of the Thompson-Houston 
((leneml Electi-ic) Co. and in those 
of Ganz, who also attains the effect of 
i'oni[K)Uodiiig hy supplying the field- 
magnets with a rectified cun^ent oIj- 
taiiietl by a small transformer from 
the main cuiTent, to which it is pro- 
portioiiiU- Such rectifying commu- 
Fio 893 taCors have in genera] the form de- 

Rectifyiso Commttatob. picted in Fig. 392, consisting of two 
Foe Sklf-bxcitino metal cylindei's, cut like crown- 
ALTKRNATOBs, wheels, having the teeth of one pro- 

jecting between the teeth of the other. 
They are insulated from one another, one lieing connected to 
ono end of the wire of the armature coils that are to be used 
for exciting, whilst tlie other is connected to the other end 
of tlmt wire. Two brushes are set so that one presses against 
a tooth of one, whilst the other presses against a tooth of the 
other part. An ordinary commutator having as many bars 
as jmles may be used; the Imi-s being connected together 
alternately into two sets. If -the field-magnets are woimd 
with fine wire, such a commutator may be used (in low- 
Toltage machines) to rectify a fi-action of the main current, 
thus making the machine virtually a self-exciting machine. 
It is, however, more usual to supply each alternator with a 
small auxiliary continuous-current dynamo termed its exciltr. 
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L convenient way of regulating the current or potential 
nf alternators is to intei^iose a variable resistance in 
the exciting circuit; the resiatance being operated by 
hand or by some automatic regulator (see Cliapter XXIX.) 
This method is applicable either to separately excited or to self- 
exciting machines. In the case where separate excitera are 
used, the performance of the alternator may be regulated by 
controlling (by variable resistances, etc.) the exciting circuit 
of the exciter. 

Alternatoi-8, wlien intended for supplying glow-lamps at 
constant pressure, whether direct at low voltage, or by trans- 
formers at high voltage, are constructed with low resistance 
ill the armature part. Those which have also a low coeffi- 
cient of self-induction would be almost self-regulating if it 
were not for the demagnetizing influence of the armature 
currents. If the field is not r»,iff (p. 393) or if there is iron 
in the armature, or if the armature's reaction, as measured 
by the number of ampere-turna per pole, is too great, the 
machine will require much more excitation at full load than 
at no load. Even in the largest machines the armature 
ought not to create more than 3000 ampere-turns per pole. 
Those armatures that have the windings deep sunk between 
great teeth of iron have both great self-inductive drop, and 
great demagnetizing action at full load. For motor-driving 
alternators should be chosen which have no great inductive 
reaction. For supplying lamps in series wifli a constant cur- 
rent a somewhat different type of alternator is needed, having 
considerable self-induction in the annature. This is attained 
by winding the armature coils, deeply embedded in the core, 
or wound on long core-plate.s to give considerable magnetic 



The demagnetizing influence ' of the armature current is 
most marked when the field-magnets are weakly excited. In 
the Mordey alternator (p. 619) the field-magnet is so power- 
ful that the diminution of the electromotive-force from this 
cause with the full cuiTent is less than 3 per cent, of the 
whole; the resulting droop in the chaiHcteristic being ex- 
tremely slight. The demagnetizing action depends, however. 
See Esson in Elertricnl Raiew, sTilf, im, Mnrch, IPSa. 
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' on the f\axe, of the currents. If Uiey neither kg nor led _ 
there will be no demagnetizing reaction, only a distortion of 
field (p. 76). But if they lag they will tend to demagnetize, 
while if they lead in phase they will help to magnetize the 
field. Swinburne ' has discussed armature reactions from 
tbiij point of view, and has suggested the use of condensers 
to produce an effect akin to compounding. 

Some load-curves for an alternator have been given by 
Kapp (Iqc. cit.'), and should be compared with Fig. 261, p. 
g80. 

Now in an actual machine thei-e are many armature con- 
ductors spaced symmetrically around, and these have to he 
grouped together by connecting wires or pieces. In the case 
of ring-wound armatures the connecting conductor goes 
through the interior of the ring-core, thus constituting a 
tpiral^'inding. When we go on to those cases in which tiie 
winding is entirely exterior to the core, as for drum arniiv- 
tures and disk armatures, we find that (as with continuous- 
current machines also) there are two distinct modes of pix>- 
cedure, which we may respectively denote as lap^eintUntf and 
Vfavetin'ndini/. The distinction arises in the following man- 
ner. Since the conductors that are passing a north pole 
generate electromotive-forces in one direction, and those that 
are passiug a south pole generate electroraotive-forces in the 
opposite direction, it is clear that a conductor in one of these 
groups ought to be connected to one in nearly a correspond- 
ing position in the other group, so that the current may flow 
down one and up the other in agreement with the directions 
of the electmmotive-Forces, So after having passed down 
opposite a north pole face, the conductor may be connected 
to one that passes up opposite a south pole face, and the 
winding evidently may be armnged either to lap back, or to 
zigzag forward. 

Wave windings were independeutly suggested in 1881, 
by Lord Kelvin and by Mr. Ferranti. But there are disad- 
vantages in its use for high voltages, owing to the difficulty 
of maintaining the insulation between each " wave " and the 
' Journal Inat. Electrical Sagbteerx, xx. 173, 1861. 
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succeeding one. In some ftlt«rnators — including those of 
Ferranti and Moi-dey — tlie eoiU are joined in two panilleK 
not all in series, a construction wliicli haa the Ksult of 
keeping the points of greatest potential difference widely 
apart. 

Thia distinction between lap-windings and wave-windinp:s 
as applied to alternate-current tuacliines, is illustrated in 




i:;. 3iK).— Alteunatk-ccrkent Machine; Lap-wi> 




Fifi. :j9.'i — Ai.TEKNATE-crRREN-T Machine: Ring- win Disrt. 

Figs. 393 and 394. Fig. 393 represents an 8-polc altemator 
with lap-winding, each " element " or set of loops extending 
across the same breadth aa the *' piti?b " or distance from centre 
to centre of two adjacent poles. Only 24 conductors have been 
drawn ; and it will be noticed that the successive loops are 
^ternately right-handed and left-handed. In Fig. 394 is shown 
the same alternator with a wave-winding. The electromotive- 
force of the two machines would be precisely the same ; the 
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choice between the two methods of ooDiieetiiig is here porefy 
a question of mechamcel coDTenience in constmetion sod 
cost. The ring-winding using the same nnmber of active 
condoctofs is shown in Fig. 395. Ineach case the beginning 
and end of the winding are connected to two slifMingB, which 
in these dereloped drawings are represented bj two parallel 
lines. These therefore represent series or singleKsireoit 
windings. 

P0lypka$e AlternatoTB. — ^The disadyantage of making the 
coils broad, which was pointed out on p. 592, was experi- 
mentally discoTered by Gramme. The closer the coils in 
any one group were huddled together, the more effective 
he found them. If, then, in his machine. Fig. 376, there 
had been only eight narrow coils — one opposite each pole 
— there would have been much idle space on the machine. 
Gramme, therefore, filled up the idle space with other coik. 
The sections of the winding of this machine were, in fact^ 
four times as numerous as the poles, and might have been 
coupled to feed four separate circuits. It is clear that the 
revolving poles would come past the four adjacent sections 
successively, so that the four alternating currents generated 
would differ in phase from one another. Gramme knew or 
discovered that it would not do to join all the coils together. 
He only joined together those that at any one instant were 
opix>8ite the jK)le8. So there were four separate cii^cuits 
each consisting of eight coils joined up in series. And these 
four separate windings were led off to four entirely separate 
circuits, each supplying a number of Jablochkoff candles 
with current. Gramme's alternator was unquestionably a 
polyhase generator ; but there is not the slightest evidence 
that he at any time attempted to combine the currents of 
separate phases for any useful purpose, or that he knew that 
they could be so combined. On the contrary, he always 
kept the circuits separate because the sevend currents in 
thorn were not in phase with one another. No one, at that 
time dreamed of combining currents of different phase so as 

I get a rotatory magnetic field. 

It may be remarked, in passing, that in every type of 
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alternator there will be idle simce between tlie groups of coils 
if they are wound advantageouely for single-phase woiking. 

If we make the armature with as many groups of windings 
as there are poles of the field we shall have a single-phase 
miichiue. If we make tlie coils twice as uumeroiis as tlie 
magnetic fields we shall get a 2-phase machine. If they are 
three times as numerous a 3-phase machine. 

The large alternators of the installation at Paddington, 
designed by the late Mr. Gordon (which were fully described 
in the firet edition of this book), are S-phase machines, with 
" red " and " blue " circuits kept separate. They have been 
at work ever since 1883. 




Bradley's 2- phase Gknebatoh. 

A 2-phase alternator was designed by Bradley, iu 1887, 
using iu a bipolar field a ring connected at four points to 
four slip-rings (Fig. 396). 

As the ring revolves the electromotive-forces tend always 
towards th« highest point. Two separate alternate currents 
may therefore be taken from this machine, but they will 
differ by a quarter-period or be "in quadrature," as repre- 
sented in Fig. 397. 

A 3-phase alternator might have been made by connecting 
the ring to three slip rings at points 120° apart. Gramme 
indeed wound some of his rings witli three independent sets 
of coils. Such a machine will yield three currents in three 
■eparate successive phases. If these were grouped as in 
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Fig. 898, ve might join ap the A ooila together into one 
olrcnit (the coils being wound or connected alternately 
right-handedly and left-handedly) ; the B coiU being Eimi- 
larly joined up into a second circait, and thfa C coils beiug 




fia. sot.— tvo ai.tkrkatb cusbzntb difvsrinq bt a 
Quarter Pekiod. 

joined into a third. It is clear that in each set the electro- 
motive-forces would rise and fall in regular succession, and 
that the electromotive-force in B would not rise to its msxi' 
mum until after that in A had passed its maximum and 




FlO. 398.— 3-PHAeB Qenebatok. 

was falling. In fact the differences of phase might be repre- 
sented by the three cui-ves of Fig, 399. Sinoe the angular 
distance around the machines from one K-pole to the next 
N-pole corresponds to one whole "period " (p. 549), or to 
one complete revolution of 360° on the imaginary circle of 
reference ' (Fig. 351), we see that these three currents will 
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differ in phase from one another by 60°. If we had a sepa^ 
rate outgoing and retui'n wire for each of the three circuits, 
we should need no fewer than six lines from the machine to 
the (3-phase) motor which it supplied. But as will be seen 
(p. 669), by adopting proper methods of grouping, this com- 
plication is unnecessary, the number of lines being capable 
of being reduced to four or to three. If an earth return were 
admissible the number of actual line wires might even be 
reduced to two. 

Not only does the adoption of a pol3rphase winding lead to 
certain advantages in the operation of motors ; it also effects 




Fig. 399.— TmiEE-PHASE Currents differing 60° in Phase. 

a saving in the cost of the machines. By winding a second 
set of circuits on the otherwise idle spaces on the core we 
may double the output of the machine. It will take twice 
as much horse-power to drive: it will give out twice as much 
lioi-se-power electrically. But it will not cost twice as much, 
nor tJike up any more space. Georges states that a 3-pliase 
machine was found to give an output 2-73 times that of the 
same machine with a continuous-current armature. 



CoNSTurcTioN OF Alteunatoks. 

Although some excellent alternatoi*s have been made of 
the thin disk tyi)e by Siemens, Ferranti, Mordey and 
C'rompton, there is at present an obvious preference on llie 
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port tA electric<U eagineeni for niacbluei 
rbenever l»rg« outputs &re required. The rsckiog strait^ 
which the amuttnre condoctors are Kulijected render difii- 
It the uwk of giring to the thin dislt the tuecbaulud 
strength it neeiU trithoat sacrificiiig gooil insulation, or osing 
coikitrQCtiona th^t woold heat by reason of eddy-canentA, 
Uenue the majoritic of makera use iioo core-disks in the con- 
struction of their annatores : and whether the annatore 
:1»ToIvrt or stands atjll a sunk-winding is almost universal. 

n Fig. 216 were sbown some of the cort-disks used by 
^ Westingbottse Co. Those with a few large teeth are for 
alternators. Figa. 400 and 401 show the constmcUon. Tlie 
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coils are wound on special formers and bent into ( 
places ; then secured by wooden wedge-jJieces. 
largest machines the armature cores are built up of stamp- 
ings awembled in sections, one of which is shown in Fig. 378, 
Fig. 402 shows a general view of a 450-kilowatt alternator of 
tlie WeHtinghouse standard type, having 30 narrow radial poles 
of elongated section surrounding an armature which ia pio- 
vided not only with the two Blii>-ringH but with a rectifying 
commutator to furnish a small exciting current. Tbe poles 
are of laminated steel cast solid into the outer yoke. The 
armature cores have 30 teeth to correspond. In many modem 
macliines, however, the armature is fixed, and surrounds an 



internally revolving magnet. In this case the armature coreB 
take in geneml one of the two forms shown in Figs. 403 
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and VA- The pierced focm ia distinutiTcIy Sviaa. 
mtB- fiitg » we baih op in aegtnenta, *xA may be v 
y « ioo» wBjs. For low^nlctge mrhinw stout conductor 
najr be dnwB io snd coanected np in vaTe-fonu. For liigh 
roltiigea lap-windiogs an mote naDaLauninlKrof turns being 
looped Uiroagh two of the 'bolea aitaated at a distance 
apart nhoat equal to the pitch of tbe poles. Bronn Las 
introdticed tbc practice of arratigiiig tbese end parts of tlie 
loops wbere the^ emerge oatside tbe core rings in two sets in 
different pUaes. This constroctton, wbicb is applicable to all 
alternators nhetber for single-fthase, 2-phase or 3-phase work, 
and to moton as well as generatom. may be noticed in 
t))e coils in Plate XVIII. Though a detailitisofgreat useia 
obviating ri^lu of short circnits. In Fig. 405 this constiuctlon 
isdiagramtnatieall; displayed, showing bow both tlie A set and 
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set of windings in a ^pbase generstor may be grouped so 
^M to utilize for each lap two sets of holes side by side. This 
liaa some advantages over using single boles of very large size. 
These would interfere more with the magnetic eircnit and 
tend to set up greater heating in ilie polar parts of the field- 
magnet. 

Fig. 406 shows an adaptation of the method of arranging 
the windings (it a ^phase generator, so that the loops of the 
coil can still lie sitnated in two planes. The .V coils will of 
course 1m connected together in series, though they lie al- 
ternately in the inner and in the outer positions : and so likt- 
wisB the R and C coils. 

Fig. 407 nhows how the core-rings may W utilized fur h 

" iise genonitor (or motor) with a winding in which ail 

ilea are not employed. Thin winding iva.** nsod in sin" 
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the necessity of making a fresh set of stamps tor the core- 
disks. The magnetic reactions are leas, when the unused 
holes are left in the spaces as shown, than would be the case 
if the core-rings at these parts were not pierced. 

Another variety of the same construction may be noticed 
in Plate XVII., where one of the sections of the core is shown 
J outwards for cleaning. 




FiOB. 405. 403, 407. 

9 designing altematoi-s the same general rules are to be 
followed us govern the design of continuous-current dynamos ; 
but owing to the higher frequency of the reversals of mag- 
netism a lower density of flux — say from 6000 to 7000 — is to 
be observed in the laminated armature iron. The coefficient 
h, which comes in the fundamental formula, having been 
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determined by experiment in any given type, can be nsed in 
calciilating miurhinea of similar type. In calcolatiug the ex- 
citation D> be proTi<ie<i for the tield-magnetts allowance \£lv&\, 
be made for the inductive choking action of the armature 
windings^ aB well as for the denu^uetmi^ (p. 559) reaction 
of the armature carrents ; both these causes conspiring to 
produce an ** inductive drop.^ Suppose an armature winding 
to have been calculated for 20<» volts on open circuit, at 
normal speed and field* and that the full current is to be 
20 amperes. Some experiment must be made to ascertain 
the additional volts necessary to drive 20 amperes, not only 
through the resistance of the field but against its self- 
inductance. An experimental determinatiou of this may be 
made by measuring with a voltmeter the volts actually 
needed (at the proper frequency) to send this current through 
the armature. Another and better experimental method is 
to shortrcircuit the machine through an amperemeter, and 
then drive it at the proper speed with field-magnets at fin>t 
unexcited, gradually increasing the excitation until normal 
current is reached. Then open the circuit and measure the 
volts which at such excitation the armature generates. The 
next step after having found this reactive electromotive-foroe 
is to reckon out the additional excitation. Suppose that tlie 
ex{>eriraent in question had shown the reactive electromotive- 
force to be 880 volts, then since they are in quadrature with 
the eflfective electromotive-force of 2000 volts, it will Ik:* 
needful that the impressed electromotive-force at full loa<l 
should Ije at least 

S- 8802 ^ 20003 = 2184 volts ; 

for which amount the full-load excitation must be calculated 
upon magnetic circuit principles. An example relating to a 
Kapp alternator was criven on p. 656 of the previous edition. 

AHifiichronouH Generators, — It has been found by sevenil 

experimentei-s independently — amongst them Mr. C. E. L. 

Brown, and the engineers of the General Electric Company, 

: Schenectady, New York — that asynchronous motora (see 

685), whether polyphase or monophase, can act as generators 
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provided they are mechanically diiven at a slightly liigher 
sjjced tliaa that of synchronism. But it is not possible to 
work a cirtiuit witli only one eiich machine to Imj used as a 
geiienitor — it is not self-exciting. There must be an alter- 
nate or [jolj'pliase current already supplied to the mains or 
terminals. It would probably be convenient in those central 
stations where the load is apt to show very sudden increase, 
to use one or more Jisynchronous generatora along with other 
alternators, as the a-s^'nchronous generator might be kept 
turning as a non-loaded motor at a si>eed just below syn- 
chronism until required, Onmerelyquickeningupthespeed 
of its engine (without waiting to " synchronize ") it will begin 
to work as a generator, its electromotive impulses synchroniz- 
ing perfectly with those of the circuit, though its speed is not 
synchronous. 
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ExAsrPLES OF Altehnatoks. 



wdofCt Alternator. — Gordon's alternator was described 
and figured in the earliest editions of thi» book. It has twice 
as many coils in the fixed armatures as in the rotating 
magnets, there being 32 on each side of the rotating disk, or, 
in all, 64 moving coils ; while there are 64 on each of the 
lixed circles, or 128 stationaiy coils in all. The latter are of 
an elongated shape, wound upon a bit of iron boiler-plate, 
bent up to aa acute V-^orm, with cheeks of perforated 
Qerman silver as flanges,' The result of thus arranging the 
coils in two sets, is tliat there are two distinct currents differ- 
ing in phase by a quarter period, Tlie Paddington station, 
equipped by Gordon in 1883, was the iiret 2-phase station. 

Kapp'g Alternator*. — The multipolar ring-armature alter- 
natora of Kapp were described in detail in the previous 
edition, and scale drawings were given of a 60 kilowatt 
machine built at the Oerlikon works. More recently Mr. 
Kapp has designed a new alternator for Messrs. Johnson 
and Phillijw. The construction is shown in Fig. 408. The 

■ For further ileUils of the Gordon Uynamo, sue Mr. Gordon's FracUcal 
TrattUt on Electric Lighlinu ilSSi), p. 102. 
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ai'iuature core is built up o£ stampings assembled in re- 
movable segmental blocks. Around each block of core in 
end notches is ^^ouDd a section of the nrniature coil. The 
atmatute consequently has considerable self-induction. The 
field-nmgiiet is on the same phm as that of tliu Lauffeii 
alternatoi's descnbed later (|p. 631), having but a single coil 
for excitation. 




Flo. 409. — SiEKEHs Alternator, with its Ekctter. 

Sterne!,/, A/tfT-natorg.—Mes&rs. Siemens and Halske wero 
^'y'l'/^^ Held in 1878 with alternators designed by von 
^"J-^^'feelf, liaving a disk-armature (see Fig. 409), in 
^° %^ "'Va «J'e wound usually without iron, upon wooden 
/«* V^'*^'' *■' ^''*"'^'"*'"'l'itPil from one another by strips 
j\^^^ /ii»»"«3 are use<l for the coils; the connections 
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sing made by eoldering tlie strips with silver solder. In 
lome forms of the machine, tbe individual coils are en- 
elosed between perforated disks of thin GeiTiian silver. 
wliere large currents are requii'ed, at no great 
electromotive-force, tlie coib are coupled up in parallel 
instead of being united in series. In Fig. 409 a small 
coiittnuous-curreiit machine of vertical pattern, such as was 




in action as an exciting 
'Z currents to the stationary 



;;ii Ilalske Iwve returned 

■ ■■ 'il-magnet and fixed 

iLi machine shown 

410. Tlie fieW- 

i^nated cores 1 

s in diameter | 



all ; whilst the armature ring is 4-6 metres (14 ft. 9 in.) in 
external diameter. When running at 100 revolutions per 
minute, it yields 165 amperes at 2000 volts. The constnic- 
tion of the armature is as follows : — A laminated ring of 60 
segments, each built up of straight iron plates stamped 
with end-projections, is held together fii-mly in a cast-iron 
frame. Each segment before being put in place is wound 
with 20 turns of a conductor made of atmnded copper wire 
compressed to a square section, each wire in the strand 
being lightly insulated with a coat of enamel. The ring thus 
formed is 4-6 metres in diameter, and 50 centimetres in 
width parallel to the axis ; the end projections of the core- 
plates constituting 60 internal teeth. It is therefore simply 
a laminated Paciiiotti ring with sections coiled alternately 
right and left-bandedly. Any one of the sections can be 
removed singly for repair. The laminated magnet-cores 
carry 76 windings each, and receive a current of 56 amperes 
at 70 volts for excitation. 

The large .S-pliase alternators recently made for the 
central station at Chemnitz by Siemens and flalslce, have a 
general construction i-esembling Fig. 406. 

Gam-Zipemowiky Alteniator»,—\arm\is forms have been 
built ' by Ganz and Co.. of Buda-Pesth, chiefly from the 
designs of M. Zipernowsky. The general principle of these 
machines has already been described on p. 584 ; bnt some 
have been otherwise constructed. At Frankfort, in 1891. a 
large Ganz alternator was shown by the Helios Co.,' of a 
capacity of 400 kilowatts, giving 200 amperes at 2000 volts 
at 125 revolutions per minute. Thearmature consisted of 40 
T-shaped punchings, like Fig. 380. surrounded witli coils each 
working at 100 volts, the whole being coupled up in two series 
of 20 each. The rotating field-magnet is 299-2 centimetres 
in diameter, and 38 centimetres wide. The electrical efficiency 

' S«e CtntralblattfiiT Elektroleehnik, zli. .■^54, I38D ; also EUetrieal 
RnloB. XV. 70. I8S4 ; xTi[. 1 IS, 1885 ; EUctrieian, xxv. 256, IS»0 ; EUetrttt^ 
Wortd, ilii. 2»7, 1889 ; xvi. 73, 18B0 ; La Lumlire tleclri^ue, xxxi. JBl ; 
And xxxll. ISO add 582. 1880. 

* See description by Mr. Eaon, And cut, Ehctrical Rnieie, xxix. 503, 18!M. 
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Ootfmt 40 aapem at 3000 Tolts. 

KAiUUnee of all magnet eoQs in series.. .. 7*4oliini^ 

Iteiii«t«nce of armatare coils in series . . . . o* 8 ohms. 
'ExfMinn cnmmt required tluroogli magnets 

at fnll load 10 amperes. 

]I«nce elecirUal efficiency at full load . . 96*4 per eenL 

> 8m description by Prof. Fleming in the KUciricican^ xxr. 317, 1800. 



In spite of their high self-induction, these machines are 
suitable for working iu pavstllel, and have so much aiiunture 
reaction that they can be t>liortK:ircuited with perfect safety. 
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Ftrranti's Alternator. — Tliis machine, as brought nut in 
1882, was based on the joint but independent proposal of 
Lord Kelvin and Mr. S. Z. de Ferranti to substitute wave- 
windings for coiU. 

In the machine as constructed at that date,' the field- 
r liilor details, Na 
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magnet consisted of two frowns of ftltcrnate-poles, 
BS in the alteraatora of Wilde and Siemens; and the armft^ 
ture consisted of strip coppt-r bent into n wavy star foiin. 
Tiiere were eight loops in the zigzag (as shown in Fig, 412), 
and on ciich side were 16 magnet poles ; so that the current 
flowing radially outward jjast a N-pole flowed radially inward 
past a S-pole- Tlie copj>er strip was wound round on itself 
(with insulation between) in many layei-s; the limbs of tli« 
star being held in place hy insulated bolts passing througti 
Btar«haped face-plates. The advantage of the armature of 
zigzag copper was 
supposed to lie in its 
strength and sini- 
pUcity of construr- 
lion. 

In the later alter- 
nators of Ferranti the 
zigzag mode of wind- 
ing has been entirely 
abandoned, and ths 
coils are wound separ- 
ately and then assem- 
bled into a disk, llii; 
mode of construction 
is explained by thu 
figuies which follow. 
Each coil is wound 
upon a rigid core. 
The cores are constructed of brass strips spreading fan-wise, 
with asbestos between, brazed solidly together at one end, and 
united to a brass piece drilled with an aperture A (Fig. 413). 
The winding, the inner end of which is soldered to the brass 
piece, is of ribbon copper slightly corrugated to secure greater 
rigidity, wound with a tape of thin vulcanized fibre between. 
The coils are mounted in twos in brass cnil-holders, depicted 
at D, Fig 415, into which, with inteiposed layers of mica and 
fibre, they are secured by bolts which pass through their eyes. 
The two coils lu each holder are separated mechanically and 
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deelaically by interposing & piece of fibre of the form shown ak 
H ; l)ut the holder constitutes ii metallic connection from the 
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fERRANTt Armature. Connkotioss of Ferranti ARHATCBa. 




Fio. 415.— Detailr of Ferranti Armattrk. 



eye A of the one to the eye A of the other. ConHequently, i 
CQiTcnt circulating from outside to inside of one coil mus 




pi^rculate from inside to outside of the otlier. The outside end 
of each co!'. is joined to the outside of tlie nenrest coil iu the 
nest holder. The holders must of coui-se be ii^ulated, and 
yet held niechiuiicallj- mid firmly. For this purjtose theyare 
provided with n tail-piece D', of circular section, which passes 
through a porcelain bush E, and is threaded to receive a metal 
foot which is further secured by a pin passing through D'. 
The tail-piece, pro- 
tected by its porcelain 
buuh, passes through 
the rim of a strong 
foundation ring, hav- 
ing apertures into 
wliich the metal feet 
are inserted, but 
which are much wider 
and longer. The gap 
between them is then 
lilled up by pouring 
ill a molten compound 
nl aillphur and pow- 
dered gloss, whicli 
secures and insulates 

^-.^ them. On the side nf 

"^ r to M f iflulV^ ^'^^^ coil-holder prn- 

V,_ ( -J-^^^V^^T jects a small obliqin; 

wing, to promote ven- 
tilation. In all the 
larger machines the 
coils are connected 
up, as shown in Fig. 
414, in two series, which are joined togetlierin parallel. This 
grouping is effected by placing all the coils in one half cir- 
cumference right-handedly, and in the other left-handedly, 
and is adopted so as to keep widely apart the coils that differ 
most in their potentials. 

Two copper rods pass inwards from the tail-piecea of two 
of the coil-holders at opjKisite ends of a diameter, and are led 
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to tlie collecting arrangements which are mounted 
end of the shaft. 

Fig, 417 relates to a 225 kilowatt Ferranti alternator, and 
gives a view of half the armature and half the field-magnet. 
Here it is seen how the copper connector D* passes -from 




Fio. 417— Fehhasti Alternator (233 kilow4tts). Scali 

the coil-holder D to »fp a bolt uniting it to the collecting 
appfti-atus. The cut also shows how the field-magnet is huilt 
in two separate halves, each of which can he racked laterally 
aside by a lever N and i-ack M to expose the armature for 
cleaning or repairs. The 3[>eed of this machine is 350 revo- 
lutions per minute, and the diameter of the armature 5 feet 
6 inches. 




Dynafno-£iectric MaehitKryT 

Fig. 418 represents on a scale of 1 : 72 llie 1000 kilowatt 
alternators aa iised at the Deptfoid ligliting-station. These 
machines, capable of giving 100 amperes at 10,000 volu, 
wlittn running at 120 i-evolutions per uiiimti-, are driven by 
rope-gearing from engines of imiiino type. The pulley, 
which lias grooves for 27 ropes, is nearly 10 feet in diameter, 
and over 10 feet long. U is l«iilt in two [uirta N and N,, 
L united by bolts at <i. iiixl is keyed to the middle of tbo shaft 




FlO. 418,— FEER*ST1 jViTEENATOR (1000 KILOWATTS). Scftip ^ 

between two bearings ;- mounted on pedestals which curve 
inwards at both ends. The jouniala are of unusual length, 
and the bearings swivel upon spherical seats. Kiid play is 
prevented by collai's at the _outL'r ends of the shaft, Tlie 
exact position of the pulley upon the shaft can lie adjusted 
by a central screw collar c, turned by a handle U. Tliis 
adjustment ia rendered necessary because the armature is 
mounted npon the end rim F of the pulley itself, over- 
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lianging the bearing; and, as the clearance between the 
iinnatuie eoiJs aud the niiignet pole-fiices is very amali, any 
wearing of the bearings might cause the armatuie-coils to 
come dangerously close to the pole-faces. The coil-holders 
and porcelain bushes are sliowii at D And E. The magnet- 
polea are held in a large external cast-iron frame. There aiB 
48 poles in each crown, of alternate polarity. The faces are 
covered with caps of thin ebonite to protect against spark 
discharges from the coils. The armature coils, also 48 in 
number, are each capable of generating about 420 volts, and 
will carry a current of 50 to 55 amperes without undue 
heating. The mean diameter of the armature is 15 feet, 
and its peripheral speed is therefore 5850 feet per minute. 
The thickness at the working part is only \ inch. Owing 
to the mode of driving the armature the insulated copper 
connections must pass through the bearing, and are therefore 
carried along in a cliannel through the shaft. The most 
elaborate precautions are taken against the possibility of a 
stoppage arising from over-heating of the bearings. There 
ia a double circulation of water- and of oil. On the end of 
llie shaft opposite to the collecting apparatus an eccentric 
works an oil-pump ;>, which purai>s oil through a filter out 
of tliB reservoir R under the platform, and distributes it 
under pressure to the oil-ways « in the bearings, whence it 
returns to the I'eservoirs. 

The alternators lately constmcted by Mr. Ferranti for the 
Portsmouth central station • are of entirely different con- 
struction, and follow very closely the lines of Brown's 
machine, Plate XVII. 

Mordey't Alternator. — This striking form of machine, first 
brought out in 1888, ia constructed by the Brush Electrical 
Engineering Compauy, of Loudon. One of small size is 
depicted in Fig. 419. while on Plate XIV. are given draw- 
ings of one of the 200 kilowiijt machines,^ lately erected at 
the Leicester lighting station. 

» Sea BteclHcian. Kiiiii. 157, 1884. 

•S«ti The Engineer. Ixxx. ST, Jiily 10, 181)5. The figures given iu plate 
XrV. bftTC b«en reproduced froiu tUIa article. 
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The characteristic features of the Mordej alternator i 
the stationary tliiiMlisk armature, and the solid 
field magnet. In the latter, though there ai-e two 




poles between which the armature lies, all the poles on one 
side are of one kind, north poles, and all those on the other 
side are south poles. Hence there is no reveraal of the 
magnetic field through the armature coils ; the number of 
magnetic lines through any coil simply varying fi-om zero 
to maximum and back. As a result of this arrangement, 
thei-e ia a great simplificjition of the means needed to 
magnetize the field-magnets. One single coil surrounding a 
central cylinder of ii-on suffices to magnetize the whole of the 
poles. There is indeed only one magnetic circuit, branching 
into separate brandies. The construction of the field-magnet 
is as follows" — 

A pulley-shaped iron cylinder, thi'ough whicli the shaft 
passes, forma the core, and is surrounded by the escitingcoil. 
Agiunst the ends of this core are firmly screwed up the two 
fOid castings (Plat* XIV. Fig. 3) each of which is furnished 
with ft number of polar projections varying from 9 iji small 
machines to 60 in large ones, projecting toward one another ; 
the nan-ow polar giip between them being only just wide 
enough to admit the aimature. The entii-e field-raagnet re- 
volveson tile shaft, theexeitiugcoil being supplied withcurrent 
from a separate machine by means of two contact rings on 
the shaft. There is no need for the exciting coil to revolve ; 
but for mechanical reasons it was deemed preferable to wind it 
actually upon the field-magnet core. Tlie armature coils are 
of copper ribbon, wound ujwn narrow wedge-shaped cores of 
enamelled slate, and insulated with a thin tape between the 
turns. Each coil is held inaGennan silver bracket embedded 
in ebonite and firmly clamped to the exterior frame. All 
the metal clampings are outside the magnetic field, and are so 
arranged that any one coil can be removed in a few minutes 
without dismounting anyotlier part of the machine. 

As the armature is stationary there are no centrifugal 
forces to be considered, and the coils have to be supported 
only with a view of resisting the tangential drag of llie field. 
Tlie revolving field-magnet fonns an excellent fly-wheel, 
and as there are no parts liable to fly out, a high speed of 
hiving presents none of the difficulties that arise with many 
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other types of machine. The journals are furnished with a 
shoulder to limit end-play, and the bearing blocks are made 
adjustable lougitudinallj, so that the field-magnet may be 
placed exactly symmetrically with respect to the armature. • 
The electromotive-force is 1 volt per 8i inches of conductor. 
The ver\- low resistance of the armature, and almost complete 
absence of armature reactions, makes the machine almost self- 
regulating, a jx)int of some importance for parallel running, 
and for o[»erAting motors. 

In some cases a small continuous-current machine is 
mounted on the same shaft as shown in Fig. 419, to excite 
the field-magnets. 

Owing to the excellent conditions of ventilation, it comes 
about that the limit of current-density is not fixed by risk 
of overheating, but by considerations as to efficiency and 
self-regulation. Tlie amperage at full load is no less than 
3300 am|»eres per square inch. Loss by hysteresis there is 
none, owincf to absence of any armature core. The eddy- 
currents in the conductor are trifling ; the copper tape needing 
no furtlier lamination. The coil-holders, moreover, are of 
German silver, the high specific resistance of which alloy 
reduces the losses by eddy-currents to -i\th or 2^^'^ ^^ what 
they would he if bi-ass were used. A proof that the waste is 
almost entirely confined to theC^r loss is afforded by the 
fact that a To kilowatt machine when driven on open circuit 
but excited to give its full voltage, only absorbs 3 H.P., 
the armature keeping quite cool. It is a curious point tliat 
in these macliines the losses due to friction, hysteresis and 
parasitic currents, though moderately great at low loads, are 
not only proportionally but actually less at full load. Machines 
which show very great losses at low loads are uneconomical 
for central station work. 

The construction of this alternator is more completely 
shown in Plate XIV., which depicts the machines erected in 
the Leicester central station. In its general features it is, as 
already seen, similar to the machines made by the Brush 
Company for some years, but with certain detail modifications. 
An end elevation, partly in section, is shown in Fig. (1); a 
Ude elevation in Fig. (2) ; a part section of the field-magnet — 
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to a linger scale— in Fig. (3) ; side and end viewsof an arma- 
ture coil — to a largerscale — in Figs. (4) and (5). The armature 
is stationary, and consists of 120 coils mounted in ebonized 
German silver clamps — see Figs. (4) and (5) — secured to the 
armature ring by bolts passing through slotted holes in the 
flange of the ring — see Fig. (5). The armature coils consist 
of thin copper ribbon wound with suitable insulation Jtiund a 
slate core. Dnwn the middle of the slate core a number of 
small slotted holes are drilled, these holes serving for a lacing 
of hard-t;mned coi-d which is put round the coils under 
pressure after they have been covered with a thin layer of 
mica and tracing-cloth, tfie object of which is to prevent a 
sparking to the poles and to earth. They are set radially 
i-ound a gun-metJil ring, which is bolted to a cast-iron frame 
divided into four sections, two of which are below the floor 
level ; each section is pivoted on end girders of cast iron, and 
can be readily swung back for inspection or rei>air of the 
coils. An equalizer is placed in one of the girders, as the two 
halves of the armature are connected in parallel. The field- 
magnet consists of massive steel castings with 60 pairs of polar 
projections, and is excited by one central coil provided with 
two gun-metal collecting rings mounted on the shaft, and the 
whole rotates in ample swivel bush bearings. An examination 
of the section of the magnet — seen in Fig. S^wiU render 
description almost unnecessary. The field winding is an 
annular coil wound directly on the annular cast steel core, the 
winding being separated into two portions, leaving a radial 
space the whole way round. A number of conical radial air- 
passages allow a very free supply of air for ventilating and 
cooling purposes to pass from the hollow hub quite through 
the field winding, and over the armature which stands in the 
air-gap between the polar extensions. The magnet will be 
seen to consist of two cheeks secured by bolts and ciieular 
keys to the inner flanged magnet core. In smaller sizes of 
machines these cheeks are cast steel, each in one piece, but in 
the machine illustrated, and in all the larger machines, eiich 
cheek consists of two pieces, divided as shovni. The armalure 
ring is divided into four portions hinged at the ends of the 
machine near the horizontal diameter. This arv-aw^emwA 
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allows of any one quadrant being readily withdrawn for 
purposes of examination, or cleaning, or repairing. In Fig. (1) 
is shown a quadrant standing out from the magnet in this 
wav. The whole of the armature coils are accessible without 
removing any part of the machine, because there is a gap 
between the adjacent i>oles on either side, rather more than 
equ.il to the width of one armature coil. Thus, in any 
position, half the armature is accessible, and by moving the 
field-magnet round very slightly, the other half becomes 
accessible. This facilitates the ordinary cleaning work, while 
for periodical examination it is easy to withdraw the fuma- 
ture quailrants as shown. End play is limited fay taking the 
thrust on a shoulder on the shaft bearing, on the inside end 
of each bearing. The lubrication is effected by means of a 
small oil pump of tlie Roots^ blower type, seen in Figs. (1) and 
(2) at the side of the machine. These machines work at 96 
revolutions per minute, having an output of 100 amperes at 
2000 volts. Tlie smallness of the armature reactions may be 
judged by the circumstance that if the excitation is kept 
constant, the voltiige rise from full load to no load is only 
7 per cent. 

A number of Mordey alternatoi-s of 750 kilowatt output 
were constructed by the Brush Co. for the City of London 
lighting station. 

Mr. Mordey has designed^ a considerable number of alternative 
forms, all characterized by the combination of the two principles 
of simplicity of magnetic circuit and non-reversal of polarity iii 
the armature. Some designs for machines of kindred type have 
been patented by W. Main.' 

ParnojiB'' Alternator. — This is a high-speed machine of bi- 
polar or tetrapolar type designed for running at 8000 to 10,000 

1 Si)eclficatlon of Patent, 8202 of 1887. 

'^ Specifications Nos. 15,858 and 16,032 of 1887. The devlQB of employing 
field-magnets witlia greater number of pole-pieces than of exciting coils had 
been previously employed by Ilolmes (Specification 2060 of 1868), and more 
recently by J. and E. Hoplcinson. Another machine, by Klimenko, shown 
at Vienna in 188:{, had a fixed armature with iron cores between the poles 
of a revolving field-magnet, with multiple pole-pieces. 
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revoltttions per minute, when coupled to the special higli-spetd 
ateam turbine * of the atime inventor. Henue it \& sometimes 
kuown as a turbo-alternator. This combination has lately 
come into notice owing to its possessing the qualities not only 
of a good efficiency, but of an almost complete freedom from 
nieclianical vibrations. It has in consequence been adopted 
for city lighting stations in various parts of England. It 
occupies less space than any other form of combined plant. 

Plate XV'. gives a scale drawing of a 350 kilowatt turbo- 
alternator of the same design iia those used by the Metro- 
politan Electric Supply Co. in their central station, Man- 
chester Square, London. The armature consists of laminated 
iron, lbs eore-tlislts measuiing 18 iuL-hes outside diameter. 
There are 60 holes around the circumference, through 40 of 
which ai'e passed condiictoi-s. Thus there are virtually only 
two coils, with 10 turns in each, and yet ao great is the 
speed that a pressure of 1000 volla is generated. The 
machine having four poles, a speed of 3000 revolutions per 
minute gives a frequency of 100 per second. The governing 
of the machine is accomplished as follows. Steam is admitted 
to the turbine in a series of gusts by the periodic ojiening and 
closing of a double-beat iift^vaWe, the valve being opened 
once in every 15 revolutions. The duration ot each gust is 
controlled by a solenoid which is connected as a shunt to 
the field-magnets. The field-magnets being excited by a 
small continuous-current machine on the same shaft as the 
alternator, the pressure at its terminals is a measure of the 
speed. The regulator, which will be seen in Plate XV. on 
the top of the magnets, operating a long lever reaching to 
the valve in question, has a series coil as well as a shunt coil, 
the effect of which is to increase the si>eed at heavy loads so 
aa to keep the pressure constant. At full load the gusts 
become blended into an almost continuous blast, the lift-valve 
closing only momentarily or not at all. The action of this 
governor is most satisfactory. The consumption of steam is 
only 25 lbs. per kilowatt-hour at full load, and with super- 
id Proe. Inai. Cleil Engln: 
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1 further reduced. The total weigh 
r turbo-alternator, exciter Bad bed-pl 
s ivlxtut 12 tons. Tlie copper in the armature weighs 58 lbs. 
Qrneral Electric Co's Alternators. — The Thomson -Houston 
ftlteraatoi-3 with stationary external magnets and iiilemal 
revolving armature were described in the previous edition of 
this work, where also an illustration was given of the " eom- 
pusite" method of excitation. These were high frequency 
mauhines of 133 cycles per second. Some of these alter- 
nators, of 500 kilowatt output at 100 periods per second, 
have recently been furnished to the City of London lighting 
station, where they are direct driven by Willana triple- 
expansion three-crank engines. The same company lias lately 
developed a low-frequency alteruator operating on an un- 
syinnietrical 3-phase plan, termed the " monocyclic " system,' 
the third circuit being merely intended for starting motors. 
Westini/hou»e Co.'» Alternators. — These have abeady been 
generally described. At the Cliiuago Kxliibition in 189-3 
were shown some large 2-phasa alternatoi's. They resembled 
Fig, 402 in general design, but were virtually double 
machines, having aide by side two similar field-magnets, each 
of 30 poles, and within two similar armatures upoa the same 
shaft. But the armatures were "staggered" ; that is to say, 
they were so mounted that one of them had an angular ad- 
vance over the other equal to one-half tlie angular breadth 
from a N-pole to a S-pole. By merely shifting the second 
armature the same machine mightbe used as one sijigle-phase 
alternator. In this case the adoption of a 2-phase system is 
not accompanied by any economy of space or material in the 
machine. These alternators are of 750 kilowatt output, 
running at 200 revolutions a minute, and liaving a frequency 
of 60 periods per second. 

In its more recent polyphase machines ' the Westingliouse 
Company has adopted a "distributive" winding (p. 581) of 
the armature. It also constructed the Niagara alternators 
described below (p, 686). 
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Allffemeitie Co^s Altenuttorg. — The AUffemeine Eh'hrinlnt»- 
Gegelhehaft of Berlin !iaa developed tlie 3-pliase systenj in its 
altfrnators, from the designs of Mr. Doljrowolsky. Fig. 420 
illustrates a Drelistrom genei'ator of 89 kilowatts, with fixed 
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Urnat radial poles, and & revolving armature with sunk 
wave-winding. 

The large 3-phase inductor alternators made by this com- 
pany for the Straasburg ligliting station are considered 
later. 

Oerlikon Co'» AlUrnator». — In 1890-91 this company 
constructed from the designs of Mr. C, E. L. Brown the 
^phase altematoi's for Laiiffen on the Neckar. They were 
intended for supplying current to the town of Heilbronn, six 
miles away, but were first employed in the now famous 
historical transmission of power from Lauffen to Frankfort, 
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^ a tlistauce of 110 miles, on Uie occasion of the Frankfort 
Ex)iibitioQ. Though jiropelled by vertical-shaft turbines, the 
alternators have horizontal axes driven by toothed wheel 
gearing. They have revolving internal field-magnets with 
an external armature with zigzag arrangements of conductors 
passing through holes in the core-rings. Fig. 421 gives a 
geneial view.vrhiUt Fig. 422 shows the field-magnet after the 




FiQ. 431.— TaREE-pnASE Altkrnatok used at Lacffen. 



armature has been slid away for inspection. The machine 
generates three currents, each of 1400 amperes at a pressure 
of 60 volts ; taking 300 horse-power when running at 150 
Tfivolutions per minute. The armature has an external di- 
ameter of 189-4 cm. (nearly 6 feet) and an internal diameter 
of 176-4. The total thickness of core-rings, parallel to the 
■baft, is 38-0 cm. Around tlie inner periphery of the csore- 
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rings are 96 circular holes 33 mm. in diameter at distances 
of 60 mm, apart. Each of these holes is lined with a tube of 
asbestos, and through each passes a solid copper rod 29 mm. 
in diameter. The core-ringB, built up of segmental stampings, 
are assembled in a strong cast-iron frame. The winding, if 
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such it can be called, is in three independent zigzags of 32 con- 
ductors each, connected acconling to the following scheme ; — 



Set A, 1, -1, 7, 10, . 
Set B, 95. 92. 89, 86, 
Set C, 93, 90, 87, . 



91, 94. 

5,2, 

3,96, 



The ends of Nos. 94, 2, 96, are connected to a common 
junction J, while Noa. 1, 95 and 93 are severally bioughto 
to three external terminals. This constitutes a stai^winding 



(p. 6tJ9) : the general mi-angemeiit he'mg illustrated in 
Fig. 423. 

The gap-space between the armature core-ring and the 
pole-facea of the field-magnet is 6 mm. Tliis field-magnet 
lias 32 poles. It la of gieat solidity and simplicity, having 
but a single magnetic circuit. Tlie exciting coil is wound in 
a channel on the periphery of a sort of pulley of cast iron, 
to which are bolted two steel rims, each carrying 16 jiolar 
expansions or horns. Each of the polar faces has an ai-ea of 
36 X 16 sq, cm. The channel is 18 cm. wide and 9 era. deep. 
In it lie 490 windings of copper wire 5 mm. diamet«r. 




Fia. 438.— Dbtslopsd Diacram or VfTHDino dp 3-phake Altebkatc 



section of this channel is given in Fig. 424; and Fig. 425 
illustrates the way in which the polar horns project inwardly, 
the N-poles between the S-poles over the exciting coils. Tliis 
Rrrangonient reduces the cost of construction and of excitation 
to a minimum. In fact, on open circuit only 100 watts are 
spent on ex ci tat i 014 — one-twentieth of one percent, of the out- 
put; and at full load, when the armature reaction is a maxi- 
mum, it is still far less than one per cent. This excitation is 
furnished by a small separate dynamo. The exciting cuirent 
is conveyed to the rotating i>art by means of Sexihle metallic 
cords running over insulated pulleys, in lieu of the usual 
contact rings and brushes. At full speed and normal voltage, 
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the loas by friction and hysteresis is 3600 watts, or umler 
1-7 per cent, of the maximum output. The loss bv resist- 
ance of armature windings at full load is 3500 wntta, making 
the commercial efficiency over 95 per cent. The heating is, 
ill the total absence of eddy-cuvrents, quite negligible, Tha 
weight is 4J tons. As there are 16 pole-paire and the 
speed is 150 per minute, the frequency is 40 periods per 
second. The electromotive-foice. generated in each of the 
three windings, as measured between the common junction J 
and Uie outer terminal, could be increased up to 55 volts. 




The same design was repeated, with the difference that 
the sliaft was set vertically over the turbines, in the tliree 
machines made by the Oerlikon Co. to convey power to their 
works from Hochfelden, 24 kilometres distant. They are 
depicted in Fig. 511. 

A more recent S-phase generator of the Oerlikon Co., 
shown in Fig. 426, has a revolving field-magnet of the same 
type BB the pi'eceding machines; but the armature is lap- 
wound, the coils passing through slots in the laminated 
external core. The exciter is caiTied on a bracket at the end 
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of the machine. This macliiiie liiis an output of ^2 ampj 

M 5000 volts, at 500 revolutions per minute, taking ubont 
150 H.P. 

Brownt _4/^<'mci/or«.— Since 1891 Mr. C. E. L. Brown haw 
continued to (Ievelo[ie the verticiil-shnft tyjie of generator 
which ho introduced when constructor to the Oerlikon Ci). 
Fig. 427 gives a general view of an alternator of tlie "inii- 
brella" type, with revolving internal field-magnets, hung ujkhi 
a six-armed spider. The external core-rings have perforations 




FiQ. 126.— TaaEK-nuBE Altrrkatob of the Oeblikon Co. 



Its in Fig, 421, through which in low-voltage machines paas 
the stout copper conductors coupled up in zig-zag very much 
as in Brown's continuous-current drum-armatures. The two- 
layer-winding is excellent for this type of machine. In high- 
volti^e niuchines the coils are wound in a lap-winding on plans 
resembling Fig. 405 or Fig. 40(1 according to circumstances. 
A large number of the machines are now in operation. 
One of these machines, a 3-phase generator, has for some 
years done excellent work at Schonenwerth near Aamu in 
Switzerland, furnishing current for motors in a large shoe 
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factor)-. More recently the town of Aarau has been provided 
with a central station which derives its power from tlie wateis 
of the river Aar by meatia of turbines ; the generator's being 
of the same type. 

To the Niagara Cataract Construction Company, Mr. Brown 
Biibmitted two designs of -unibrelia" type, with revolving 
field-niagnetfl, for alternatora of 5000 II.P. One of these 
designs is reproduced in Plsite XVI., and shows the 2-layer 
winding in the stationary arniatui'e, together with the arrange- 
ments for lubrication. 

In recent yeara various forms of polyphase alternators 
have been introduced by Messrs, Hrown, Boveri & Co. Some 
of tliese machines present no special feature to distinguish 




them from ordinary alternators beyond having the coils of the 
armature arranged in sets of twos or threes to correspond to 
2-pha8e or 3-phase work. 

Recently Mr. Brown has adopted a form of revolving field- 
magnet having a series of outward-pointing radial poles, with 
the peculiarity that only alternate poles are wound with 
exciting coils, the intermediate ones being simply projections 
of cast iron of larger cross section than the intennediate 
cylindrical cores that receive the coils. He finds that for 
operating motors it is needful to employ a field-magnet less 
subject to armature ri- act ions than the form used in the Lauffen 
alternators. Fig. 428 shows one of his 2-pbiise alternators 
of 300 II.P., in which this system of field-magnet winding 
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a illustrated. The annatuie of tins macliine is of the i 
Igeiieral construction as tlie stator of the 2-phiise motor 
J»hown in Fig. 470, the only real difference between the two 
■ miichiiies being that tlie one haa a sepai^at^ly excit«d fiehl- 
■magnet, relatively to wliich the poles remain lixtrd, and the 
f Other lias n rotor in uhich the poles cliaitge in position. 



■7 I 



1 




Fin, 428.— Two-phase Altkhnatoti (225 Kilowatt). 

For the central station at Frankfort, Mr. Brown d 
the five 550 kilowatt alternators, driven at 85 revoluti 
per minute. In these machines (Fig. 429) the projecting'' 
poles of the revolving magnets are each separately wound, 
llie excitation being derived from a continuou&-current4-pole 
machine on the end nf the shaft. A point of novelty in the 
^design is the construction of the stationary external armature 
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as a wheel capable of Iwing slowly liirtiL-d roatid so iis lol 
bring each part to n position convenient for inspection aiid^ 
cleaning. 

Plat« XVU.gives the drowiugs of a smaller alternator (, 
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similar design, 111 wliicb cim l»e seen tlie way In which the 
armitture cores are constructed in liiiiged sections, allowing of 
being i-emovfcd for cleaning tir reimire. 

jl/iofA C-m'^ertible AUrmtttar^. — Messi^. AHoth &. Co. of 
Miinclienstein near B&le, have i-eceiitly constructed sevei-al 
4100 vi'lt. 300 H.P, alteriiatoi-a for a power statioti at 
Ki;iif<-'liiiU-l, which ai-e intended to be convertible at unll, 
eitlier into monopluwo or triphase machines. Fig. 430 gives 
a section of one of these machinen jiai-allel to the sliaft, 
showing the exciter on the left and the detail of the self- 
oiling bearings. The field-magnet, as* seen in Fig, 431, Las 
nine paii-s of poles and is of tlie sivme general consti-uction 
as the field-magnets of the machinea shown in Figs. 408 and 
424. This magnet is interchangeable with one having six 
pairs of poles, in case the machine should be required as a 
S-phaser. The crowns of poles are of mild e4ist steel with 
laminated faces. The armature coils, 18 in number, are 
wound on formere, and then slipped over the laminated iron 
projections. Connected in two sots of nine each they yield 
a monophase current, but when three sets of six are joined 
in star fashion the machine is a very efficient 3-phaser.' 
The power station supplies both single-phase and 3-pliaa 
current, and it is convenient to have the machines convertiblt 

The Niaijara A/fc"w^ori'.'— When the project of utilizing; 
the water-power of Niagara by turbines was taking shap^ 
the Cataract Construction Company invited many different 
manufacturers in Europe and in .\merica to submit plans. 
Tlie machines were to be of 5000 boree-power, driven ty 
turbines making 250 revolutions per minute. Many of these 
designs were extremely good ; nevertheless it was determim ' 
to have the machines manufactured in America, owing to *' 
bic'li tariff charged on imported goods, and to the cost 
tr^port. Some of the deaigii8(including those of Mr. Brown) 
were of the "umbrella" type, but for various reasons (turning 
mainly upon the constructive difficulties arising fi-wn size and 
Bpeed^ Professor Forbes and Mr. Coleman Sellers were in- 

I For »ii llliurtmtwl description cltl.e works ewrie,! out, w<> VaMier'fMr 

titu- (X.T.). July l»«i- F'8»- «* ""* ■**' ""* '**'«'»'«>» ">« "rtfcleby 
SUUwell. 
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r struoted in May 1893 to get out furilter plans for alternators 
[ of the proposed ty[>c. Pi-ofessor Forbes fixed upon au 

Qxtertially-revolviiig umlirella tield-nmgiiet. with inwardly- 
\ pointing polea held together by an ext«riial annulna of steel, 

R8 possessing botli great slreiigth and a liirgt; fly-wheel action. 




At firet he prepared designs for a 2-phase tuiichinc. havii 
the low frequency of 16^ periods per second, with 8 poles. 
Eventually, after the Westinghouse Company had been 
selected as manufacturers, it m'bs decided to fix the frequency 
«t 25, and to wind the ammtures for 2000 volts. The drawings 
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published by Professor Forbea* relate to the earlier design, 
and have certain complications about the armature which 
became unnecessary ivlien it was decided to keep the voltage 
at 2000. 

Tlie machines as actually constructed are shown in Figs- 
432 and 433. The field-magnet consists of a nickel-steel ring 




Fig. 433.— Plan 



forged without a weld, towards the interior of which project 1- 
pole-cores. This is supported by an umbrella-shaped diiver 
fixed to the top uf the shaft. There are 187 slots iu the 
armature with two conductors in each slot. Each conductor 
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\ inches by -j"j in section, with slightly rounded edges. 
'' The method of connecting up is seen in the drawings, as iilso 
the method of lx>Uing the laminated iron to the coNt-ii-ou 
fntme of the armature. Around the hub of the bearings 
grooves are cut (shown in dotted lines) which permit water to 
circulate and keep the bearings cool. 



CoMSTANT-CURItENT AlTERSATOUS. 

A variety of alternators for supplying currents of an 
unvarying number of virtual amperes for the purpose of arc- 
lighting in series has been evolved in the United States ; the 
principal forms being those of Stanley ^ and of Heisler.' Tlie 
principle of these machines is to so con.slruct the armature 
that it has great self-induction. This is accomplished in the 
Stanley constantKJurrent alternator by using in the armatui*e 
a fine wire of many turns wound deep in nicks in tlie core 
disks. 

InDncToa Alternators. 



In the inductor type of alternator none of the copper con- 
ductors move, the only moving parts being masses of ii-on 
whose motion sets up variations in the magnetic flux. This 
principle, suggested by several early workers [get Historical 
Notes, p. 11) wasrevivedby the author of this treatise in 1883.* 
During the last two or three yeara much progress baa been 
made in the application of machines of this type. 

Kitigdon't Inductor Alternator- — In tliis machine the 
inductor principle is applied in the following way. A ring 
having a large nunil^er of internally pi-ojecting poles is en- 
tirely built up of lamina ^f soft iron. As shown in Fig. 434, 
the alternate poles A are wound with coils to serve as amia- 
ture parts, whilst those between them F are wound with other 



t SlteMeal K'orld. iv. 45, and ivl. I 
IS, \XT. IW, anit xiTi. 20, 18fl0. 

' EiecMcat Review, iiv, 207, 1889. 

« Specification of Palpiits, No, laSO of 1883, whicli 
Bti'i form, see EUnMcal Rewhic, xxii. 178, 1888. 
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coils to act as the magnet pait. Ujiou an Internal wheel aie 
borne masses of laminated iron P, which In rotating produce 
rapid periodic reversals in the magnetic polarity of the cores 
of the ni'iuature parts, and set up alteinate currenU in the 
coils that surround tliem. 

In the 50 kilowatt machine there are 16 field-magnet or . 
primary coils, and 16 armatura or secondary coila. ITie in- 
ductor wheel carries Iti inductor blocks, each just long 
enough to span the width of two successive coils on the jx>les 
of the outer ring. Its diameter is 4 feet 6 inches, and 
breadth 12 inches ; speed 350 revolutions per minute. 




Fia. 484.— KwGDON'a Indcctok Altersatob. 

Mordey'a Induetor Alurtiatort. — In 1888, Mr. Mordey 
designed ' several types ot inductor machines, which were 
described in the previous edition of this work. In some of 
these machines there was but one primary winding, and in 
others both primary winding and secondary winding consisted 
of a single annular coil each, though the polar projectious 
were numerous. These machines may be looked upon as an 
apparatus for periodically varying the mutual induction be- 
tween two circuits in one of which there is a steady current. 

Stanley-Kelly Inductor Alternators. — The Stanley-Kelly 
Co.. of Pittsfield. Ma-ssachusetta. has brought to great per- 
fection a 2-phase alternator, having rotating inductors of cast 
steel witli laminated polar projections. The ainiature part 
ulosely resembles Fig. 477, which shows the stationaiy port of 
ailey-Kelly motor. 

» Speciflcallon ot Patent, No. S102 of 1888. 



SHhu Thomgon's Inductor Alternator. — This machine was 
f ^Hci'ibed and figured in the previous edition of this work. 
F The inductor was a simple toothed wheel, built up of 1am- 
L itiitted diiiks mounted ou a cylinder of iron. 




Pike and Harntt Iminrtor Att.'rtiafor. — This cnmpt 
foiDi, which has been very successful for small machiu 
depicted in Fig. 435. The primaiy or magnetizing coil is a 
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internal helix wouml with its plane at right anglea to the 
shaft, surrounding a central pole, and ia surrounded by an 
external iion mantle. Two laminated rings with toothed 
projections support two sets of secondaiy or armuture coils 
seen in the figure. On the shaft is fixed a revolving carrier 
which suppoiiiS the laminated inductor masses. The solid 
part of the field-magnet acts also as a bearing. The 6- 
kilowatt machine runs at 740 revolutions per minute. It is 
'1\ inches high, and weighs 350 kilogrammes. 




AUgemtine Co.'* Induetor Altematon. — Two types of in- 
ductor machine have lately been constructed from the designs 
of Mr. Dobrowolsky,' The first, which closely resembles the 
Stanlej-Kelly alternator, is represented in Figs. 436, 437 and 
439. The magnetic circuit passes tlirough an external iron 
case and two armature core-rings AA built up of stampings 
with teeth surrounded by coils, and is completed through the 
yokes J J of the revolving inductor, which ia shown sepa< 
rat«ly in Fig. 437. For S^pliase machines the teeth of the 
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[ iMtuig port lire three unua w ooineroas tts 1 
tile indnctoi; as shown in Fig. 4-^S : bat pierced cote i 




FiO. 439.— Tmte&nusE Isdcctob Alternator at SnussBOMJ. 

ike Fig. 406 may be used. The large 280 kilowatt altei^ 
ton bailt by the Allgemeine Co. for the central stution at 
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Sb'ftK&burg, are of tlie same type as Uie Pyke and 
machines, having laminated inductor masses P, Fig. 439. 
revolving between two armatui'e coi-e-riiigs. Their speed is 
150 revolutions per minute. The excitation is 1-4 per cent, 
of the output ; the aniiature resistance loss is 2 per cent., and 
total hyatereBia loss is l-S per cent. The copper used is only 
2 kilogmmnies per horse-power, and the iion. excluding sliaft 
and buarings, alxjut 22 kilogrammes per horse-power. 

Brown » Z-Pha»e Inductor Generator. — This is a machine 
constructed to meet the requirements of high speed witli low 
frequency. The inductor magnet \s simply a mass of cast 
st«el having on each end a set of 4 arms, which, by the mag- 
iieLixing action of a stationary coil between them, acquire 
opposite polarities. As shown in Fig. 440, these arms are 
set to operate alternately upon the coils of the fixed armature, 
which has ita windings canied throngli holes in the 
periphery of two sets of core-disks mounted in an outer 
frame. 

Other Inductor Machines. — Amongst other designs of in? 
ductor types may be mentioned those of Mr, Raiikine Ken- 
nedy and M. Thury. The largest of Thury's alternators, 
which are built by the Compagnie de I'lndustrie ^lectrique, 
of Geneva, are those at Chdvres, six kilometres from Geneva, 
where the wat«r-power of the Rhone is used for the lighting 
of that city. These machines, which are of about 900 kilo- 
watts each, are twophase machines with vertical shaft. 

The reason of the tendency which manifests itself just 
now to f.ivor the inductor type of alternator is not very ap^^^ 
parent. Against the advantage that there is no movin^^H 
copper, must l>e set tlie disadvantage of greater iron losses-^^f 
In general, the efficiency of these machines is two or three 
per ceTit. lower than that of altematora of other types. They 
have, however, some constructional advantages in those cases 
where either an exceptionally high speed or an 
low speed is a necessity. 
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CHAPTER XXIV. 



i COUPLING OP AX.TERNAT0R8. SYNCHRONOUS 

MOTORS. 




If two alternate-current muchiiies are joined up in the same 
circuit us in Fig. 441, they are in pamllel when considered as 
forming part of the lamp circuit, and might be both supplying 
current to the lamps, but they are in series with one another 
if we comiider the alternator circuit only, for we might out 
the lamp circuit out altogether 
and A , might drive A , as a 
motor. Many of the con- 
siderations which govern the 
running of two machines e 
generator and motor govern 1 
the rumiing of two machines 
in parallel. We shall, there- 
fore, up to a certain point treat 
the two cases together, and In 
doing so consider t)ie alter- 
nator circuitonly, taking a certain direction round the circuit, 
viz, clockwise in Fig. 441, as the positive direction of electro- 
motive-force and current. We may as well emphasize here 
the importance in all alternate-current problems of cleaily 
stating what is meant by the positive and negative sense of 
the quantities considered, as tlie utmost ambiguity and con- 
fusion arises in many important contributions to the subject 
owing to the neglect of this precaution. 

The simplest conception of two-altemate-current machines 
in series is that of a closed conductor abed, Fig. 442, near 
different points of which two magnets rotate so as to cause it 
to cut their lines. The part a 6 may be considered as the 
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middle conductor of an alternator coil. The change of position 
of the Beld-tUHgnet of an alternator with regard to the centre 
conductor of one of ita coils is repi'eseiited by the angle tf la 
Fig. 442. All the phase relations of the magnet's position, 
the electromotive-force, and the current, can be seen from tlii« 
figure; and the full 

— "— W. 
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theory (so far as at 
present known) of the 
synchronous uiottir 
can be deduced from 
it by the aid of a few 
graphic diagrams. 
First of all con- 
sider that the magnet A, only is rotating. The electromotive- 
force e^ induced by it, we will say, variea according to 
the lavif 

F, = E, COS0, 

and may be represented by the projection upon a vertical line 
of the line O E,, drawn to scale to represent the maximum 
electromotive-force E, and which is supposed to rotate clock- 
wise about O in Fig. 443. If the self-induction of the whole 
circuit is L and the resistance II, we would have from previous 
considerations {see p. 562) the currant lagging by the angle 9 ; 
the vertical projection of R C atany moment representing the 
electromotive-force which is in phase witli it. Observe that a 
line drawn above the axis of X represents a positive electi-o- 
motive-force or current, that is, an electromotive- force or 
current round the circuit in the direction indicated by the 
big arrow-heads in Fig. 442. The alternating current flowing 
along c d would tend alternately to turn the magnet Aj 
clockwise and counter-clot'kwise so that it would not start. 
but if we artificially run itnp to the speed of Aj it will, under 
suitable conditions, keep on running in synchronism with A, 
and exercise considei-able torque. These conditions we have 
to consider. Let us say that at a certain instant the magnets 
11 the position shown in Fig. 442. The electromotive-force 
Aenerot«d in c d will be negative in sense and \\s magnitude 
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will depend ou the strength of the magnet K^. Suppose in 
the first place that the two magnets A^ and A^ are of the 
same strength, then the electromotive-force which each will 

induce in the circuit will be represented by the lines O E^ and 
O Ej in Fig. 444 (O E3 at the moment we are considering 
being negative). The two E.M.F.'s being equal and opposite, 
the resultant E.M.F. in the circuit will be zero, and there being 
no current to drive Aj the friction of its bearings will slow it 
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Fig. 445. 



down so that it gets behind A^ in phase. The electromotive- 
forces may then be represented by O Ej and O E^ in Fig. 445, 

and the resultant electromotive-force will be O E3. The phase 
of the curi'ent will depend upon the self-induction of the circuit. 
If there were no self-induction in the circuit the current would 



be in phase with O E3 and its magnitude would be 



OE 



8 



R 



Now we have seen (p. 571) that when a current from an 
alternator differs in phase from the E.M.F. by less than 90° 
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the alternator is acting as generator and requires a force to 
drive it. If, on the other hand, the di£Ference in phase between 
the current and E.M.F. is more than 90° (viz. between 90° and 
270°) the machine acts as a motor and yields a torque. In 

Fig. 445 the difference in phase between O £3 and the electro- 
motive-forces of both Ai and A, is less than 90°, so that both 
machines will act as geneiutoi-s, and A, having no torque to 
drive it will stop. If, however, there be considerable self- 
induction in the circuit so that the current lags behind the 
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Fig. 447. 



Fig. 448. 



resultant O Eg as shown in Fig. 446, where the line R C 
represents the phase of the current, then as the angle between 

it and O E, is greater than a right angle, the machine A, will 

act as a motor. If we let fall the perpendicular C D upon the 

direction of Ej O we obtain line O D, which divided by the 
resistance represents the component of the current which is in 

direct opposition of phase to O E,, that is, the part of the 
current which is operative in driving A, as a motor. The 
power developed by Aj is proportional to the product 



V 



O D ■ O Ea. . 
maximum valuet 



s tlie iiiiea in the figure represeut tlie 
of the E.M.F. and current, the power is 



eqiiiil to ^-' 



OD, . OE 



2R 



(see p. 667). The magnet of A, would 

be displaced behind the magnet of Ai just so much as to cause 
O D to be sufficiently gi'eat to exert the required torque. 

So far we have considered the E.M.F. of the machiues 
as equal. If we excite the magnet A, uutil it is stronger than 
Ap so that E, is greater thim E„ then we may represent the 
state of affairs in Figs. 417 and 448. Fig. 447 shows what 
would happen if the self-induction were smalt as compared 
with the resistance.' The resultant E,, and therefore the 
current, is more than 00° out of phase with E^ a great torque 
results which makes the magnet of A] go faster than A, uutil 
it gets just so far in advance of it that U D is diminished to 
an amount which wilt give the requii-ed torque and no more. 
Thus we see that the effect of having the motor under- 
excit«d is to mtike its magnet lead in phase, while the effect 
of self-induction is to make it lag. If there is considerable 
self-induction in the circuit (as is usually the case, particularly 
with alternators with iron in the armatures), the phase 
relations of the various E.M.F. 's are those shown in Fig. 448. 
This may be taken as representing the most usual case of 
transmission of power by means of a synchronous motor ; 
the effect of tlie setf-induction in the circuit is to enable the 
motor to yield considerable torque whether its magnet is 
under or over-excited. Let us consider more exactly what 
happens when the excitation of fietd-magiiet of the motor 
IB vaiied, the load on the motor remaining constant- We 
see from Fig. 448 that O E, = EjE,, so that we may take 
E, Eg to represent the E.M.F, of llie motor, that is to 
say, the counter E.M.F. or "back" E.M.F., aa it is usually 
called. We may then draw the half-figure on a larger scale 
(see Fig 449), and consider what hai>pens when E, E, ia 
varied in magnitude, while tlie impressed volts O E„ the 
' See Bedell and Ryan, "Action of a Single-jihase Sjnchronoua Motor," 
Amer. Irut. EUctr. Bug., March 1893, p. 197. 



Dynamo-Ekciric Machinery. 



resistance R. the self-induction L, and the power of the 
motor P, all remain constant. R and L being knovn, i», the 
angle of lag of the current behind the resultant E.M.F. 

O K, is ascertained (for tan ^ ~\x) ^nd remains constant. 
Produce O C to F, and upon O Ei, as diameter, describe the 
circle E, F O having the centre G. Join F E, then E, FO 
Iwingaright angle, O F 
is the projection of the 
impressed volts O E, 
Vi\yn\\ the direction of 
the current O C. so that 
iTF 

the virtual volts which 

are in phase with the 

■jT current, whose virtual 

CD 

valne is ~ ■=■■; > - The 
i'2R 

power yielded by the 

generator A, is therefore 

";^f° . Simikrly 

F C being the projection 

FiQ. 44fl. ^^ ^1 ^B ^''* power 

yielded by tlie motor A, 

and this we are taking as constant. Now 




FT. CO 



" 2R 

when the line Ei E, alters in length the figure becomes 

changed in shape, but always in such a manner that the 

angle E^ F O remains a right angle, so that F moves on the 

circle E, F O. At tlie same time the point C must move' on 

a circle C J H concentric witli circle E, F O, in order that 

F C . C O (or J O . C O) may remain constant Now, if C 

lovcs on the cirole C J II the point Eg must also move on a 

^ R. V. Pieou, " TranBiiiiBsion de Force par Moteurs altematifa syticli- 

IzoneB," BmXX. Soe. Int. Eteeirieietis, Feb. 1SS5. 
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circle, because ^ remains constant and U and U Eg bear to 
each otiier a constant ratio. The centre of the 011*016 M E j N 
which forms the locus of Ej, will be found by drawing O K, 
making the angle P with Ej O and drawing G K at light 
angles to Ej O. We are now able to find the value of any 
of the quantities represented in the figure for any given 
value of E, E3, the back E.M.F. of the motor. It may be 
pointed out that though O E^ lias been taken to represent 
the electromotive-force induced in the conduetoi-s of the 
generator, all the above clock diagrams are equally appli- 
cable to the case where O E, represents tlie electromotive- 
force of the line at the terminals of the motor; but tlien 
R and L represent the resistance and self-induction of the 
motor only. We see that in the figure as drawn tlie current 
lags behind the impressed volts E, O by the angle jJ. If we 
decrease Ej Eg we see that (3 will increase and R C will 
also inci'ease. That is to say, if we decrcise the excitation 
of the motor, the lag of the current heliind the impressed 
volts increases and the current increases. If, on the other 
hand, we increase the excitation, we see from the figure that 
as Eg moves up to M the angle & decreases to zero, the cur- 
rent being then at a minimum.' A further increase of the 
back E.M.F. of the motor will cause the current to increase, 
but instead of lagging behind the impressed volts it leads, 
the motor in fact acting as though it were a condenser placed 
in the cireuit. If we plot a curve with the values of the back 
E.M.F. of the motor (or the exciting cnnent when that 
is proportional), as ahscissw and the armature cuiTent as 
ordinates, we get a V"st*p6d curve showing the decrease of 
the armature current to a certain minimum, and its increase 
again as the back E.M.F. is augmented. 

Mr. Mordey ^ obtained from a 50 kilowatt alternator 

mnning as an unloaded motor, the curve shown in Fig. 450. 

The values of the current in the motor field-magnet- are 

' Blondel, " C'ouplogea et Synchronisation des Alternate urs," La hwnVrre 

£ltctrique, 1802, xlv. ■123-503. 

"OnTestingandWurkingof Alt«mMor8," In»l. Klen, £nss., Feb. IWi. 
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taken as abscissfc, and the current in the armatures as 
ordinatea. 

Messra. Bedell and Ryan ' have given a similar curve for 
a small Westinghouse alternator, together with full par- 
ticulate as to the E.M.F.'s of generator and motor and angles 
of hig, and have worked out clock diagrams for different 
points on tlie curve, showing that tlie theory agrees witli 
wliat is found to occur in practice, 

Tliis property of an over-excited synchronous motor of 
causing the current to be in advance of the impressed E.M.F. 
would enable such machines to he used to counteract the 
tendency of the current to 
lag when ti-ansforraers aie 
in circuit, and thus to in- 
crease the power-factor of 
the line. 

One of the bad effects 
produced by a current lag- 
ging behind the E.M.F. of 
tlie generator, is the de- 
iiiiifTiiolizing action of siicli 
a current upon the fieUI- 
magiiet (see p. 59G). It 
will be seen fi'om Fig. 44:1 
that so long as the current 
o demagnetizing effect, for 
t i(s iiiiiximnm the magnet pole is 
roniUictor, as in Aj in Fig. 442, An 
•limes lo this position, the armature 
iLg current, and an instant 
upon the wliole the mean 
maxiniuui 
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afterwards it is opposing 

stiviigtli of the magnet is not affected, though tli 

E.M.F. in tlie arinaluic pmUibly occurs a little sooner tlian 

it otiierwise would do. If, however, the current lags, the 

maxininm cuiTfiit Hows just after the pole hits pa-;sed the 

middle posiiion, llius producing a strong demagnetizing 
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action and a consequent fall in the volts unless the excit£^ 
tion of the field-magnets is augmented. If, however, the 
current leads, the maximum occurs when the pole is ap- 
proaching the conductor, increasing the magnetization, and 
thus the volts are raised. A generator and motor being 
in opposition of phase, a current that lags with regard to 
the one leads with regard to the 'Other ; thus on switching 
in an under-excited synchronous motor to a generator whose 
current lags, there is a tendency for the generator volts to 
fall and the motor volts to rise. On gradually increasing the 
excitation of the motor the generator volts will rise, owing to 
the advance of the phase of the current. This is very clearly 
shown in the paper of Messrs. Bedell and Ryan before 
referred to (p. 654). 

R. V. Picou has pointed out that in applying the con- 
struction given in Fig. 449 to the working out of a practical 

case, the lines O Ei and Ei Eg representing several thousand 

volts are so great, relatively to O Eg, that the arcs of the 
circles Ej F O tind C H J may be considered as straight 

lines, and O Ej and Ei Eg as parallel. The construction is 
then simplified, and there is no difficulty in working to scale. 
An exjimple is worked out in M. Picou's paper referred to 
above (p. 652). 

There are several interesting 
deductions to be made from the 
grapliic construction given above. 
Obviously the most economic con- 
dition for ordinary power trans- 
mission is to have the excitation of 
the motor such that the current is 
in phase with the impressed volts. ^/ 
Referring to Fig. 449, let us fix rtj 

the condition that R C shall be ^ 

FI0 451. 




in line with O Ej and dmw our 

diagram as in Fig. 451, setting off the line O Z, making the 

angle ^ with Ej O. For any given load on the motor there is 
one particular value of current which will satisfy the prescribed 
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condition, and the line C O which represents R C wiU have to 

be set off at such a length, that J^ is equal to the 

giren power (aee p. 652). Then drawing C Eg at lightangles 
to cut S^, El Eg will represent the back E.M.F. of the 
motor in magnitude and phase. Now if we vary the power C 
will move along O E, and Eg will move along O Z, the power 
yielded by the motor being always equal to the aiea of the 
rectangle C Q divided by 2 R, and that supplied by the 
generator equal to the area of the rectangle O Q divided by 
2R. When the power ia zero E, Eg^E^ O, the current being 
zero. The maximum power occurs wlien C Q is a square. 
From the figure we see that then 

Ei 
max. power = jij, 

R C being equal to } E^ and the efficiency being 50 per 
cent. Thus we see Jacobi's law of the continiious-cuiTeut 
motor, and the construction given on p. 496, are equally 
applicable to the alternate-current ayiiclironous motoi'. Tlie 
back E.M.F. of the 
motor for any pre- 
scribed power can 
he found readily 
from the figure (see 
p. 655, line 20). 

We can also get 

a very simple figurti 

by wliich to study 

iho changes in the 

back E.M.F. and 

cuiTent when the 

power is zero. Tlie 

Fio 433. clock diagmm for 

. this case is given in 

Fig. 452, where ItC is at right angles to E, E,, because if tbe 

power is zero the current must be at right angles in pliase to 
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tlie back E.M.F. of the motor. Aa we change the value of 
El E„ the locua of the point C must therefore be the circle 
O C El ; and from the reasoning on p. 652, the locus of Ej 
must also be a circle whose centre is at K. 

If we plot a cni've taking on a convenient scale the back 
E.M.F, as abscLsste and the armature current as ordinates we 
find it is iu the form shown 
by the thick line iu Fig. 453. 
Beginning with Ej coin- .- 
ciding with O we get the ( 
comer point C„ in Fig. 453. i 
Aa we increase the back 
E.M.F. passing counter- 
clockwise round the circle 
O E, E, in Fig. 452, the 
current increases until we 
reach the point E', when it 
attains its maximum. R C 
is then equal to Ei, therefore 

A' 

R 




the current C = 



If the 



motor were standing at rest the current through the armature 

would only be . \ , but if the motor is running light the 

impedance 

back E.M.F. might be so adjusted in magnitude and phase 

as to completely balance the self-induction of the armature, 

E, 



BO that a current would flow through it equal to -^'. In 

practice the upper portions of the curve in Fig. 453 would be 
difficult to realize unless the motor were constrained to keep 
in the proper phase relations, but theoretically we can follow 
E| round ite circle until it coincides with E,. 

This curve Cj E', Ei in Fig. 453, really forms part of an 
ellipse shown in dotted line, the equation to which is given 
below. If we follow Ej further round its circle in Fig. 452 
we find it passes through the point E, ; a question then 
arises as to whether we will give the positive or negative 
sign to the buck E.M.F. in plotting the curve in Fig. 458. 
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The back E.M.F. having passed through zero would 
theoretically be negative, which would take us along the 
dotted ellipse, but if wo still choose to call our back E.M.F. 
positive then our curve is the thick line Ei C©. This forms 
part of another ellipse similar to the fii'st, that lies with its 
major axis sloping the other way as shown in the figure. If 
ins tead'of plotting the back E.M.F. and cuiTent from Fig. 452, 
where the power is zero, we plot them from a clock diagram 
like that in Fig. 449, where the power has a fixed value, we 
would get curves like those shown by the fine lines in Fig. 453, 
the area enclosed by the curve becoming smaller and smaller 
the power is increased, until at maximum power there is 

1/ 



only one point representing current = —J and back E.M.F. 



= — i -^- — . It is the lower comers of these curves 

that form the V-shaped curves referred to on p. 654. The 
equation to these curves is very simply deduced ; for re- 
membering that, in Fig. 448, the lines O Ej, E^ Eg, O E3 
represent respectively the electromotive-forces E^, Ej and 
I C, where I, the impedance, = f^Ti^ -h^^L'-^ we have 

Ei« = Eo* 4- PC^+ 2 El . I C , cos V'' (1) 

and cos ^'' = cos(^ — 'z) = ^^^ ^ ^*^s ij + sin ^sin r^. Further 
we know 

cos ^ = — , sin ^ = ^-— ; 

co8,=^, Sin , = v4 - (^)", 



where P = power of motor. 

Substituting these values in (1) we get 



E,» — E,^— Pr — 2RP=,jt>LV C«E,«— P«, 
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which is the fundamental equation of the synchronous motor.^ 
Taking Ej and C as the only variables we obtain a curve 
like those in Fig. 453 for each value of P. 



Parallel Running of Alternators. 

It is found very convenient in central lighting stfttions to 
be able to run alternatoi-s in parallel,'so that the machines may 
feed into one set of omnibus bars, and their number be altered 
at will to suit the load on the station, instead of assigning 
different parts of the town circuits to separate machines. 

The principles which govern parallel running have been 
considered in Fig. 446. OE\ may be taken to represent the 
volts between the omnibus bars. The machine to be thrown in 
in parallel is run up to speed and its excitation is adjusted 
until its volts O Ej are equal to O E^. It has, before being 
switched in» to be synchronized^ that is to say, it must not only 
be run at the same speed but the impulses of its electromotive- 
force must be got into step with those of the omnibus bars. 
To do this a synchronizer is employed. Fig. 454 illustrates 
the principle of one form of synchronizer. An incandescent 
lamp is fed from two transformei*s in series with one another : 
the primary of one transformer is connected with the omnibus 
bars, and that of the other to the alternator to be synchronized. 
The connections are so made that when the machines are in 
synchronism the secondaries of the transformers assist each 
other in lighting the lamp. When not in synchronism they 
are in opposition. If the alternator to be thrown in is not going 
at the right speed it gets into and out of step alternately and 
the lamp blinks rapidl3\ The supply of steam is then altered 
to correct the speed, and the lamp is seen to blink more and 
more slowly until it takes several seconds between the instant 
of perfect darkness and the instant of full incandescence. 

» Steinmetz, ** Theory of the Synchronous Motor," Amer. Inst, Elec. 
Engs., Oct. 1894; Rhodes, **A Theory of the Synchronous Motor," Proc. 
Physical Soc, April 20, 1895, Phil. Mag,, July 1895. Also ** Alternate 
Current Motors," Elec, Review, 1895, xxxvii. 182, 222. 
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St tlie moment r>f foU incandlefcciice, Aod wbentlie t 
flMCcr (aee Fig. 454 1 indicates the fall proBure, the switcb^n 
•n doaed a&d tJie Ump forthwith shines witbout fiactaatian. 
ibowiag that the Tolts of machioe are ia step vith the volts 
of Ofsnibiubats. If the stippi; of steam is dov inereased the 
altematflr will take ap a portion of the load. The amount 
of current it will nitppljr depends entirelj on the amount of 
fltcam admitted to drive it. If the steam were cut off 
it voald ran as a motor and drive the engine, f^g. 446 does 
not show the main current supplied to tlie outside circuit, 
it only ahows the resultant electromotive force U E, round d 




alternator circuit (see Fig. 441) which comes into exiatenceil 
ciiso A3 should lag a little. This resultant electromotive-' 
force produces a current which by reason of the self-induction 
of the circuit is out of phase by more than 90° with the lagging 
machine, ftnd which therefore supplies power to it andhurr 
it up. It will be Been from the figure that the current repre- 
eentod by O D is greatest (for a given lag of the machine) 
when tlie angle * is 45 degrees ; thiit is to say, when in 
aIt*mntor cireuit R is equal top L. In well-designed niachi 
K and L are both kept as small as possible. It is sui&cieal 

something of the order of ^ L. 

thrQfwua Poli/phase Motors. — A polyphase system 
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distribution, while giving great facility in the use of self- 
starling niotora, tloea not sacrifice the possibility of installing 
synchronous motors in cases where perfect uniformity of speed 
is desired. A synolii-onoua motor for a polyphase system 
may consist of an ordinary alternator placed across two of 
the mains ; but preferably it is identical in construction to 
the polyphase generators, and connected to all tJie lines. It 
differs from an asynchronous motor mainly in tlie fact that 
instead of a rator (Fig. 460) it has a field-magnet separately 
excited by means of a continuous eun-ent ; and as the poles 
always keep the same position relatively to the iron of the mag- 
net when once they are run up to the speed of the revolving 
poles of the armature, the respective poles take hold of each 
other and the magnet is dragged round in perfect synchronism. 
The ordinaiy single-phase synchronous motor, as we have 
seen, must be run up to speed by some independent source of 
power; but in a polyphase system the rotatoiy field acting 
upon conductors sunk in the pole pieces of field-magnets is 
sufficient to start the motor. It is thus possible to so fur 
combine the principle of a polyphase asynchronous motor 
witli a truly synchronous motor, that it shall be capable of 
starting itself, and after running up to speed, will keep its 
speed at all loads as consUkutas the periodicity of the supply. 
It is to be noted that while a polyphase generator will always 
act as a synchronous motor, it is not necessarily self-starting. 
Its design should facilitate the generation of currents in the 
polar projections if it is intended to be self-starting. A very 
good instance of an installation of synchronous motors of this 
kind is at the Ponenmh Cotton Mills, Taftville, Conn., U.S.A.* 
Six hundred borse-jx)wer is transmitted, at a pressure of 2500 
volts, fi-om a mill three miles distant, where water power is 
available. The system is a three-phase one. Tiiemotomare 
the same in construction as the generators, and while being 
able to start themselves, run under load with perfect syn- 
chronism. The efficiency of the complete tninsmiasion fioni 
the power applied to the dynamo pulley to that delivered to 
the motor pulley is reported to be 80 per cent. 
■ Elec. RetUw, (N.T.), 13B4, xxlv. 210 ; and see ibid., 1SU5, xxvli. ifi. 
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CHAPTER XXV. 

ASYNCHRONOUS MOTORS. 

Motors in which the rotation is produced by the induction 
of currents as tlie field shifts aix)und, present the structural 
advantage that they can be made without commutator, and 
even without sliding contacts of any kind. The induction of 
these currents in an entirely detached structure depends upon 
the ciixjumstance that the running is asynchronous : that is to 
say, tliat the revolutions made by the moving part do not 
correspond to the periodicity of the impressed currents. 

Asynchronous motors niJiy be grouped under two heads: 
(i.) polyphase ; (ii.) monophase. In the former two or more 
alternate currents of equal period, but difiEering in phase, are 
employed to produce, as explained below, ^rotatory magnetic 
field ; this rotatory tield tending to set up induced currents in 
all condiuling nia^iises placed within them, and by the reaction 
of these currents to rotate these masses mechanicallv. In tlie 
monoi>liase chiss a simple oscillatory lield is impressed by an 
.alternate current, and this acting on a revolving system of 
conductors is, bvthe action of the induced currents, converted 
into a rotatory liehl with effective driving power. 

As tlie subject has lately been treated in extenso in the 
author's work on " Polyphiuse Electric Currents and Alternate- 
Current Motors,' the i)resent chapter may be brief. 

Produetion of a rotatory Magnetic Field, — If an alternate 
current is led around a coil it produces along tlie axis of the 
coil an alternating or oscillating magnetic field. If there is 
an iron core the magnetic flux in it will be an alternating flux : 
that is to say, one that begins, increases to a maximum along 

fixed direction, dies away, reverses along the direction aiid 

icreases to a negative maximum, and dies away to begin the 
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cycle over again. The frequency of this alternating flux will 
be the same as that of the current. We have to show tliatby 
combining two or more alternating magnetic fields that are 
in different directions and in different phases we can produce 
the same effect as a magnetic field of constant intensity 
rotating in direction. 

It is well known that a uniform circular motion can be 
decomposed into two rectilinear harmonic motions at right 
angles to one another, the two having equal amplitude, equal 
period and a phase difference of one-quarter period. Let P 
be a point uniformly revolving around centre O (Fig. 455) ; 
let the angle X O P =0. The projections of the radius O P 
upon the two axes are O M and O N. If the radius O P 
be called r we have O N = r sin 0, and O M = r cos0 = r sin 
(Jd-\- 90°). While P revolves the point N will oscillate up and 
down the line YY'; the arpplitude of its motion being equal 
to the radius of the circle. Also the point M will oscillate 
along the line X X' with equal amplitude and in equal time ; 
but O N will be at its maximum when O M has zero value, 
and vice versd. It follows kinematically that a uniform 
circular motion may be produced out of two straiglitrline 
motions, by combining them at right angles, provided they are 
haimonic, of equal period, of equal amplitude and differing 
by an exact quarter period. 

Alechanically this motion is equivalent to that of two 
pistons having equal travel, working by two connecting rods 
upon the same crank pin, but placed at right angles to one 
another (Fig. 456). ^ If the cylinders are made to produce two 
rectilinear motions one ahead of the otlier by a quarter period 
in time, the apparatus will combine these motions into a true 
circular motion. If the two cylinders are set parallel side by 
side two cranks will be needed, one at right angles to the 
other. 

A similar combination can be ^ magnetically effected. If 

an alternating current is led round a coil so as to produce an 

alternating or oscillating magnetic field along the line O X, 

and a second alternating current is led round a second coil so 

^ See Marcel Deprez, Compies Rendm, ii. 1193, 1883. 
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as to produce a second alternating magnetic field along the 
line O Y, then the result will be a rotatory magnetic field, 
provided these two magnetic fields are of equal period and 
amplitude, and JifiEer exactly a quarter in phase. If they are 
of equal period, but not of exactly equal amplitude, the result 
will be equivalent to an ^Htp^tVoZZy-rotating mag^ietic field ; 
that is to say, one in which the strength and direction of the 
field is represented by the successive values of the radius 
vector drawn to an ellipse from its central point. An ellipti- 
cally rotatory field will also be produced if the two component 
magnetic fields, though equal in period and amplitude, do not 
diflfer by exactly a quarter period. For a perfect rotatory 





ki ii i ' . ^ ' d 



Fkj. 4r>r).— Dipkkz's Thkoukm. Fig. 4r)6.— Two-cylinder Engine. 

field, correspoiHling to uniform circular motion, the two com- 
ponents must vjuy precisely as the sine and the cosine ^ of an 
angle respectively. The two-phase system of currents for 
producing a rotatory nuignetic lield is the electrical analogue 
of the two-crank mechanism. 

This is not by any means the only combination that will 
produce a rotatory magnetic field. The mechanical analogues 
of the three-crank engine, and of the three-throw pump, at 
once suggest other solutions. In the former instance three 
cylinders are used, with three pistons which operate in succes- 
sive phases differing by one-third of a period from one another. 

1 See also Ferraris, ** Kotazioni elettrodynamiche,'' Twriru Acad,^ March 
1SS8. 



Asynchronous Motors. 



66s 



If tlie three cylindera are set {as in a Brotlierliood'a engine) at 
120° to each other (Fig. 457} their connecting-rods may actuate 
a single crank. If the thi-ee cylindera are set parallel side by 
side, then there must be three cranks spaced out in angular 
positions 120° from one another. If the anguliu' positions of 
the cranks wci-e not exactly 120° apart, the phase-differences 
of the motions will not lie exactly one-third of the period. 
The time-phase of motion must be complementAry to the 
space-phase of angle in the combining meclianism, otherwise 
the resulting motion will not be a uixijortn rotation. The 
famous three-phase system of currents (or Brekstrom') for 
producing arotatory magnetic 
field, is the electrical analogue 
of the three-crank mechanism. 
We have then two main 
cases before us — the 2-phase 
method (sometimes called the 
" quadratare " method, or, less 
correctly, the "quarter-phase " 
method) and the 3-phaae 
method (called by Dobrowol- 
sky " Drehstrom "}. The first 
2-pbase induction motor was Thbee-cyuxdeh EwrsK, 

described by Daily in 1879, 

who used commuted battery-currents. Tlie idea of producing 
rotation by combining two or more alternate currents of 
different phase, seems to have occurred from the yeara 1885 
to 1888 independently to several pei-sons. Prof. G. Ferraris, 
Mr. C. S. limdloy, Mr. Nikola Tesla, Mr. Borel. and Mr. von 
Dolivo Dobrowolsky. Ferraris found that in such a rotating 
field not only will pivoted magnets rotate, but masses of iron, 
both solid and laminated, also disks and cylinders of copper, 
the drag on these being due to the eddy-currents generated in 
them precisely as in the classical experiments^ of Ai-ago, in 
which copper disks were set in rotation in tlie presence of a 
rotating magnet. Fig. 458 illustrates a simple form of FeiTaris's 
motor having a cupper cylinder pivoted within two sets of 
ooila A A and B B which lie at right angles to one another. 
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not synchronously ; and a cylinder of copper would be dragged 
round by the eddy-currents induced in it. If the cylinder 
were to revolve at the same rate as the rotating magnetic field, 
there would be no eddy-currents and no driving force : the 
rotating part therefore tends to run up toward synchronism 
but never attains it; for without «Ztp (i. e. difference of speed) 
there would be no induced currents. But if such eddy-currents 
were permitted to circulate at random in the mass of copper 
there would be much waste of power in heating, since the 
only useful currents for driving are those that flow at right 
angles to the magnetic lines and at right angles to the 
direction of motion, or, if oblique, their resolved pai'ts in this 




c=y H~xr=D 



YiQ, 460.— -RoTATiNO Part of Brown's Motor. 

direction. Hence it is better to make the moving pait as an 
iron core surrounded by appropriate closed coils within which 
the induced currents are confined. A special form excellent 
for small motors consists of a cylinder of laminated iron 
within the periphery of which are embedded a number of stout 
insulated copper conductors lying parallel to the axis, their 
ends being united together so that they form closed circuits. 
A ring of copper at each end — forming with the conductors a 
sortof squirrel-cage of copper filled with iron — serves to short- 
circuit the conductors. A short-circuited structure of this 
kind is shown in Fig. 460. 

When such rotating combinations of copper and iron ai <» 
used it becomes a question which part of the machine should 
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itnd which as field-magnet. If the 
ting u tegarded u aniutare, tbea the copper and iraa com- 
fataatioa must be UnkeJ upon ms a field-magaet which is self- 
m^netiied fajr the edSy-cuireats iu the copper, and which is 
eontiniKdlr trrin^ to eattih up the rotatiag poles outside imo 
•s to ndooe tboaa eddy-currents to a minimuro and keep its 
nngBetic poUiity eonaU i it. If, however, the ring be looked 
apaa as the eqoinleut of a rotatiug magriet, then the com- 
bimtioa of oopper and iron inar be considered us iin arma- 
tara in irhich cuneutd an: iuiluc«d, auti which v& driven by the 




CENtftATOit 

Fig. 481.— ItxrsTRA^noN c 

raution of tliese uumats. The former is certainly the more 
correct view: but to avoid ambiguity it is better to call the 
revolving mass by the term rotor ; while the stationary part 
which receives the primary currents may be called the gtator. 
The case of 3-phase currents is illustmted by Fig. 4l]l, 
where the generator is represented by a magnet revolving 
within a ring-armature, generating three currents differing 
120° in phase from one another. The rings are wound with 
tJiree coils joined up at their ends and united to three lines. 
The current in any one line at any instant is equal to the 
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algebraic sum of the currents 111 the othertwo ; iiiid, with the 
armngenient shown, the phase of the currents in any one of 
the lines is intermediate between the phiutes of the currents in 
the two coils feeding it. Further, in the motor the current 
in P differs in phase from the currents in e and a, being 
■/j period in advance of tlie leading current. As the magnet 
1-oUtes in the generator a pair of travelling poles will, as 
before, be produced in the ring of the motor. It will be 
noted that the coils here constitute a closed circuit. There are 
indeed several ways of connecting up three coils so as to pro- 
duce the rotatory effect, the following being possible : (1) each 
of the tliree coils might be independently joined by two wires 
to the ends of the tliree corresponding coils, requiring six 
lines ; (2) tlu-ee ends of the three coils might be independently 




Fio. 462, Flu. 46!!, FlO. W-t.— STAR AND 

Star Combination. Mesh Combination. Mesb Combination. 

joined by three wires to the three corresponding ends of the 
coila in tlie motor, their three other ends being united to a 
common return line, so involving four wires; (3) the three 
coils rt, J aiid cmay be simply joined at a common junction 
(Fig. 402j, from which they branch star-wise each to its own 
line; (4) the three coils may be joined asp, j and riuFig. 463, 
in a closed mesh joined with the three lines at its comera. In 
this case the phases of the currents \\\f,q and r are inter- 
mediate between those of the tliree currents in the lines ; (5) 
six coils may be used as in Fig. 464, which shoivs the way of 
getting a frphaae effect out of a 3-phase current by combining 
the star and mesh arrangements ; (6) by merely winding a coil 
lefUiandedly instead of right-handedly the phase of its mag- 
netizing force is reversed. For example, a reversed coil inserted 
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in a (in Fij^. -Wl ) would ^ve an effect differing 180® in phase 
from <i. aiid therefore ini;ermediate between h and e. 

The mode in which the three eorrents overlap in phci.se is 
ahown in Fig. 4*vx the pliasie-difference beiag here 120°. Three 
cnrrentd with phase-difference ^Y^ will aLso serve for rotatoiy 
work, and <;:in be converted into three of 120*^ bv merelv 
inverting the "Connections at the ends of one of the three coils. 

Star and mesh combinations may also be applied !•> 
2-phase systenw. The two circoita of the Niagara generators 
are kept separate* four lines being required ; but in niany 
cases three lines would suflBce, one of them serving as a 
common return for the two circuits. 




C A' B c' 

Fig. 46.">.— Three ph. v<e Current CTrves, 

When messh combiiiiitions are used the current in the linih 
of the mesh as measured by amperemeter diffei's in value fmni 
the current in the line. For a ^-phased system the current 

in the limb is - — ~ of the current in the line. For a S-phase 

system the limb-current is — = of the line-current. When 

star combinations are employed, the limb-currents are the 
same as the line-currents, but the voltages between line and 
line differ from the voltasfes l)etween any one line and the 
common junction. For a 2-phase system with 4r-ray star con- 
nection, the voltage between two adjacent lines is V^ times 
»reat as that from line to centre ; while with a 3-phase 

tm it is V 3 times as great. 
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BraJleyin 18ft7 descrilHjd ft 2-iiliiise nioloi- (Fig. 406) 
with mesli connections; the current being bniught in by four 
slip-rings. This, however, waa a isyncliiunous motor having a 




fixed external magnet. In 1889 he described a 3-phase 
machine, having a similar armatuie connected at tliree 
metrical points to tlu'ee slip-riu: 



«» ERATO It 




Tesla in 1887—88 designed many combinations of which 
the fundamental notion was the progressive shifting o£ tha 
field. In Fig. 467 a generator is shown wound with two coilsi 
the free ends of which are connected to insulated coutact-ringa 
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on the shaft. From four brus]ies that press on the rings four 
vires are led away to the motor. This is, in fact, a simple 
^phnse generator, inducing two independent currents in 
quadrature. The motor is shown as a rijig having wound 
upon it four coils, two of which are connected in circuit with 
one jxvir of \vires, the other two being in the other circuit. 
They Ivnd to co-operate in pairs to produce mi^netic poles 
on diiiinctrically opposite parts of the ring. Within the ring 
is pivoted as rotor a disk D of iron, preferably cut awiiy at 
its sides so as to form an elongated body ; and turning so ns 
rto convey from aids lo aide of the ring the greatest number of 
magnetic lines. It wa^i found 
that this form was not essen- 
tial to rotation, since a circu- 
lar disk of iron was also set 
revolving. In a series of 
ei;,'ht diagrammatic figures 
Ti-.s!;i explained the succes- 
sive phases through which 
the coils of the generator 
pass during one revolution. 
and the coiTesponding and 
resulting changes of magnet- 
ism pi-oduce<l in the ring of 
the motor. 

By adopting a multipolar 
design the speed can be re- 
duced though the frequency of alternation remains the same. 
Fig, 408 shows a design by Tesla for iising » tetrapolar 
magnetic field having four poles in the A circuit (alternately 
N and S poles), and four intermediate poles in the B circuit. 
In such a case the progression of the field is not a uniform 
rotation. The field of a pole at A does not shift roujid totlie 
next pole at B. What happens is that the magnetism of 
the A pole dies out, while fresh magnetism grows in the 
neighboring B pole. 

The fiiinnus 3-phase transmission of power from I^uffen 
Jo Frankfort iu the autunui of 1891 did much to bring into 
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notice the advantages of polyphase methods for electric 
power purposes. Through three copper wires, each 4 milli- 
metres iu diameter, and 110 miles long, 100 H.P. was trans- 
mitted with an efficiency of 75 per cent., the presam-e being 
raised by transformers to about 8000 volts (see p. 697.) 
Particulai-s are given in the author's work on Polyphase 
Electric Currents. 

Modtm Polyphage. Motors. — In modem motors both stator 
and rotor are built up of stampings of soft iron pierced with 
holes or slotted to receive the conductors. Fig. 469 gives 
about^ size the stampings for a 4-pole, 6-H.P., 2-phase motor 
designed by Brown ; the rotor being of the short-circuited 
squirrel-cage pattern (Fig. 460) with 37 conductors. This 
motor is intended for 100 volts at a frequency of 40 periods, 
and runs at 1200 revolutions per minute. Plat© XVIII. gives 
Bcale drawings of a S-phase motor of 100 H.P., taking current 
directly from high pressure mains at 5000 volts, witli fi 
frequency of 40 perio<ls per second and a speed of 600 
revolutions per minute. The rotor, which is about 30 inches 
in diameter, has 96 holes through which insulated copper 
conductors are threaded, and joined up in a wave-winding 
constituting a 8-branched star, of which the three outer ends 
are led down through the shaft to three slijwings to permit 
of an external starting-resistance being applied. Tiie torque 
at starting is greater when such resistances are inserted in the 
secondary cireuit (see p. 681). Fig. 470 gives an extenml 
view of a 2-phase 120 H.P. motor built upon the same 
carcase, but with different windings, to work at 2000 volts. 
In tills case the starting resistance is attached inside 1 
rotor, with a simple mechanism passing out through the 
end of the shaft to short>circuit it when the motor has 
started. In this way the need of slip-rings is avoided, the 
rotor having no external connections of any kind. 

These rotatory-field motors were brought to a high pitch 
of jwrfection by the Oerlikon Co.. and by Brown, Boveri & 
Co.: and more recently the Westinghouse Co. has brought 
out raauy fine designs. On the Continent of Europe several 
large central stations and niiny factories are now equipped 
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with polyphase systems. The efficiency o£ the polyphase 
moiora is veiy high, certainly not inferior to that of con- 
tinuouscuiTeut motors of eqiiul power and cost. 

Elesientary Thj^rv of Polyphase Motors. 
For the siike of simplicity we will take a bipolar mHchine, 
the iron of which is of the gwienil sha[ie shown in Fig. 469. 
Suppose that a rotatorj- niagnelic- lit-lj is pioduced by either 
2-phase or 3-phase currents in the stalor. 




aj Horse-tower (Brown), 

The currents in the mtor also produce a magnetic field 
which, compounded with th;it of the stator, gives rise to a 
resultant rotating Held. It is to this resullnnt field that the 
electromotive-forces in the conductors, aiifl tlie toixjue. are due. 
We will take it as a uniform flux flowing <Ii.metriciilly through 
the rotor and cutting the conductors of iKith stator and rotor 
as it revolves. 

Let fl stand for angular speed of the rotatory magnetii; 
field ^ ;i - M, in ft hijioliir machine, where ti is the frequency 
of period. If the machine is multipolar having m pail's of 
poles tlien iJ ^ 2 ? n ~ m. 
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the current in the stator coils is unrestricted; it is not true, 
for instance, if a resistance is put in series with the stator 
coils, or when the motor is starting without any resistance in 
its rotor circuit, as will be seen hereafter. Further, if there is 
very little magnetic leakage in the gap between stator and 
rotor (as is indeed the case in well-designed motors), the only 
electromotive-forces in the rotor conductors will be those 
produced by the resultant magnetic field, and therefore the 
maximum currents in them will occur when the conductors are 
in that part of the field where the flux density is a maximum. 
And as the flux is constant at all loads (subject to the above 
conditions), it follows that the torque will be proportional to 
the currents in the rotor. But these are proportional to the 
slip o — ml hence, also, it follows that T will be proportional 
to fl — tti, and may be writen T = J (^ — «>), where J is a 
constant depending on the strength of the field, the radius of 
the rotor, and the length and resistance of the conductors of 
the rotor. 

We may now write : — 

Useful watts w = h ,w (^ — ui). 
Total watts W = ft . fi (i2 — oi). 
Wasted watts W — w =^h . (9. — ui)?^ 

Hence we may at once apply 
the now well-known diagram of 
motor efficiencies, by drawing 
(Fig, 471) a square A B C D, F 
having its side A B numerically 
equal to o, and cutting off a 
piece B F equal to w. The area 
A F H D represents the total 
watts supplied, the area AFGK, 
or G L C H, the watts utilized, 
and the square K G H D the ®* 
watts wasted in heating the con- 
ductors of the rotor. The effi- 
ciency will approach unity as F moves up towards A ; and, 
as with continuous-current motora, if it were not for the 
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weakening of the field by armature reaction, the output would 
be a maximum when r«> = J 0, the efficiency being then onl}- 
50 per cent. We shall see presently that when the motor is 
running at much below its proper speed, magnetic leakage 
and other causes play such an important part that the torque 
is actually less than at a higher speed. Fig. 471 is, however, 
applicable to ctvses of normal running, and shows how these 
roti\tory-field motors behave in an exactly similar manner to 
continuous-current motors. 

In good modern rotatory-field motors the slip is only, at 
the most, about 4 per cent., except for very small sizes of 
machine, where it may be 10 per cent, at full load. 

In the above investigation no account has been taken of 
the loss due to heating in the conductors of the primary or 
stator circuit. This, like the ordinary C^R loss in the exciting 
circuit of any dynamo, is but a small percentage of the whole 
energy su})plied. Neither has any account been taken of 
hysteresis losses in the iron of the stator, which also have to 
be sup})lied, as it weie, by additional excitation, but are small 
in a well-designed machine. Losses by hysteresis or by eddy- 
curnMit.s in llu; iion of llie rotor will, like the friction of the 
jonrnals, duducl from the available power, but tliese are 
necessarily v(My small since the reversals of the magnetism 
in the lotor are proportional not to ^^ but to ^ — uf, 

lit'suUiDit MtKinetic Flux in Motor. — It was pointed out 
above, from consideration of transformer analogies, that tlie 
magnetie llnx in the motor is of approximately constant 
value at all normal loads. We may take it that in the air gap 
between rotor and stator tlie flux-density varies approxi- 
mately as a sine function around the periphery from point to 
point. Let the density of this flux in the direction in which 
it is a maximum be called B- This flux-density, like the 
flux-densiiy in a transformer core, is the result of the mag- 
netizing actions of both the primary and the secondary wind- 
ings. Ka[)p has given ^ a discussion of the reaction which 
may be summarized as follows : — 

Take a line g, to represent (Fig. 472) the maximum of 

1 Gisbert Kapp, Electric Transmission of Energy, 1894, p. 310. 
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the flux-density in the motor ; in a bipolar machine it may- 
be considered as revolving clockwise around O as a centre, 
with an angular speed Q, This field is due to the joint 
action of the impressed field excited by the primary currents 
in the stator, and of the induced field excited by the secondary 
currents in the rotor. These 
rotor currents are in phase with 
the resultant field (if there is 
no magnetic leakage), and pro- 
portional to it, and to the slip. 
They may be represented by a 
length cs set off along the side 
g. This current c tends to 
produce a cross-magnetization, 
p.73, proportional to itself. Let 
the line b at right angels to g 
represent this cross field. Here 
b = k c where A is a coefficient depending on the reluctance 
of the magnetic circuit and the number of windings on the 
rotor. Complete the triangle ^ b ahy drawing the line a. 
Then a represents in magnitude and phase the magnetic field 
that must be impressed by the primary currents in the stator, 
since B is the resultant of a and b. The angle ? is the angle by 
which the current in the rotor lags behind the impressed field. 

Further, since the torque is proportional to both B ^i^ ^ <? — 
that is to B ^^^ ^ — the area of the triangle a B ^ will repre- 
sent the torque. 

Moreover, since c is proportional to the slip,^ and to B» 
and to a constant depending inversely on the resistance R in 
the rotor circuit, we may write 



Fig. 472. 



_ B X slip . 



R 



or slip =3 



gR 
B 



^ ** Slip '* is here used to denote an angular speed, namely (0 - o). Some 



u 



writers use It to denote the ratio between the two speeds, that is to say —, 
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slii> = ixR: 

' B * 

but 6-^B " tan (9, hence slip is proportional to R tanj9. That 
is to say, if the slip is great the angle of lag ,9 will be great. 

Conditioni of Operation. — There are three chief stages 
of operation to be considered; and for the present we will 
consider the supply voltage constant. 

(i.) Starting. — Here « =^ 0, and slip = o. Rotor currents 
enormous, primary currents also enormous. Therefore, ,5 
the angle of phase-difference between primary currents and 
resultant field very large. Torque would be enormous if 
there were no magnetic leakage (see p. 681), 

(ii.) Running at Light Load. — Heie <" is very nearly eqi 
to '^ ; and as slip is small, rotor cun^enta will Ite small, 
their reaction small. Angle ? will be small, and a will 
be much larger than B- 

(iii.1 Running trith Heavy Load. — Hero o — «*, the sli] 
must be enough to allow of the generation in the i-otor of 
currents enough to produce the necessary torqne at the actual 
speed of rotation. 

In addition to the above, if the speed is artificially brouj 
up to synchronism by sujiplying from without i>ower to 
come friction, &c., there will be no rotor currents and 
toi-que. If the speed is artificially increased beyond this, 
that the rotor runs fa8t«r than its field, power will be C( 
sumed in driving it, and it will act as a generator, pnmpii 
back cuiTent into the supply network, as we shall 
presently (see p. 685 ; also p. 60C). 

Starting Torque. — In tlie above we have considered 
motor working under normal conditions, so that the rol 
currents are not excessive and the effect of magnetic leal 
has been neglected. When, however, the motor is being 
Btart<'d. the slip is so great that enormous currents would be 
generated in the rotor circuit if of low resistance. These 
currents would call for very large currents in the 
coils to keep up the magnetic flux, just as in a transfoi 
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The effect would be threefold. In the first place, a consid- 
erable fraction of the pressure of supply would be lost upon 
C^r losses in the stator coils. Secondly, the ampere-turns 
of the stator and rotor coils, opposing each other with very 
great magnetomotive-forces, would force a number of lines 
along paths which do not thread through both sets of coils 
(for example, leakage would appear along the air-gap), and 
these lines would be the cause of electromotive-foi-ces in 
the stator and rotor coils, in addition to the electromotive- 
force pi-oduced by the common resultant field, and have a 
choking effect upon the currents in these coils. Thii'dly, 
not only is the true resultant field B 
diminished by the above causes, but 
the little that remains is out of phase 
with the cun^ent in the rotor circuit, 
so that the torque is very much reduced 
instead of being increased by excessive 
slip when the rotor cii-cuit is of low 
resistance. This is very simply ex- 
hibited in Mr. Kapp's construction. 
When the slip is great, the triangle 
a B ^ will become of the form of Fig. 

473; for if slip is proportional to R 
tan i^, and R is small, tan P must be 
very great, /5 will be near 90°, the 

impressed field a is limited by the foregoing considerations, 
so the torque (represented by the area) will be very small. 
If we increase R we necessarily decrease tan /^, making B 
greater and the area greater, and so we get a greater starting 
torque. Thus, introducing a non-inductive resistance into the 
rotor circuit at starting enables the machine to start with a 
greater torque. 

Relation between Torque and Slip^ — In order to get an 
equation for the torque in terms of the slip and the resistance 
of the rotor, we note that from Fig. 472 it follows that 



h 


w 




A 



Fio. 473. 



and 



6 = a sin ;9, 
B = a cos p. 
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T>.i:^ :hr lir^-r O X « Fii:. 470 1 10 reptresent the speed of 

roratior; of tl.n: rr^izr^-tic neld. ar.d cut off from it a part O Q 

to repre-'rM the >]-evd of the motor. Then the remainder 

Q X nrpre>ent> the slip. This is equivalent to plotting the 

hlif/ lAokwardji from X. The vertical ordinates then represent 

th^; valuers of the torque as calculated from the equation. 

rjT (:Xiiui]}\fu when Q X is taken i\s s ; P Q is plotted to 

)T<'.Hftui tho cf>rresj>onding value of T. Thus, beginning at 

where the Hlip is zero, we get a curve X P f ^, which rises 
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steeply, comes to a maximum^ and dies away to the value 
O t^ which is the torque at starting. The torque has a 
certain maximum value for which ? ^ 45**. It will be noted 
that the steep end part of the curve is nearly straight, being 
an asymptote to a straight line, which would represent the 
relation between torque and slip if the current in the stator 
were unrestricted and the magnetic field constant. In fact, 
this line corresponds to the expression T= 6 (q — «>) on 
p. 677. Or if in our present equation we consider that 
values of % are small compared with R, Ihe equation might 

be written T = j' — giving a straight line law. At the other 




'Speed. 
Fig. 475. 



Clip. 



end of the curve, where slip is great, the curve is hollow. 
Here we may approximate by supposing that % is very 
great compared with R, or that R^ is small compared 

R 

with ^ ; in which case the equation reduces to T = 5' 



% 



This is the equation to a hyperbola (also shown in dot). 
When the motor is at rest « = q, or O Q ^ zero, giving at 

R 

O t^ the value T = y -. That is to say, at starting^ the 

torque is proportional to the resistance of the rotor. If we 
then assign a higher value to R, and plot out a new set of 
ordinates, we obtain a new curve (shown in dotted line) wliich 
also starts at X, rises to a maximum of the same height as 
before, and then falls, but this time to t^* The effect, then, of 
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u to ittise tbe totque ftt sUtrtiug ; 
hit it afao bas the effect of caosti^ the nuximum torque to 
oeevrwiMa the slip is greater. The motor gives oat pncticalh- 
the Maw powvr as befoie, bat nina with a greater diffetimce 
of speed between its speed at light load and its speed at full 
load. And the efficieocy at fall load is diminished. If, with 
a 5 per cenL slip and a 96 per cent, efficiency, we do not get a 
sufficient starting torque, we caa get it hy introdocing retikst- 
aooe. and contenting oaiseWes (at fall load) with. say. a 
10 per cent, slip, knd a 90 per cent, efficiency. And one 
iinderatands the reMon for the mod«ii device of coustnicting 
the rotor so that a reaiBtance can be pat in at starting, and 
then short-circoited as soon as the rotor has got up a fair 
speed. 

In the varioos theories of the rotatory-field motor > the 
subject is attacked from many different points of view, but, 
through wliatever mathematical intricacies it has passed, the 
expression for the torqne is of the general form 




The above method of deducing the formula, though in- 
complete in so far as it does not contain symbols for all the 
quantities concerned, perhaps has the advantage of keeping 
clearly in view the main principle, and enabling the student 
to follow the physical meaningof the expressions througliout, 
The quantity *, it will be remembered, is a constant, depend- 
ing upon the reluctance of the magnetic circuit and the 
numlter of windings on the rotor. It is, in fact, the aelf- 
inthiction of one complete turn of conductor on the rotor. 
Tiio quantity q involves n^ and total number complete turns 
upon the rotor. In comparing with the formula) given by 
other writers, it roust be remembered that a ie an angular 
speed, and is equal to 2 s (n — nj) (see p. 676). 

' Ity nuncan, Hiilin and Leblanc, Sahalka, Pima, Amolil, Perrarls, 
K(<b<'r, Stvliiineli, De Bast and othen. See the author's vorlt oa PolyjihoM 

ffcctrfr CtirrenU. 
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Steinmetz gives the formula for finding the torque in 
pounds at 1 foot radius in the form 

to use our own symbols ; g being the ratio of the secondary 
turns to the primary turns, and 



/= 
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746 7rj9 7l' 



where n is the frequency, and f the number of poles. Stein- 
metz's theory is very complete in this respect, that he takes 




Fig. 476. 



into account both leakage and hysteresis, and gives an ex- 
pression for g, the counter electromotive-force in the stator 
conductors, in terms of the impressed volts, and an expression 
involving these quantities. Plotting values for torque at 
different amounts of slip he gives the curve shown in Fig. 476, 
which is of the same character as that given in Fig. 475, only 
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extended in both directions If the siieeil of the motor is n 
up by mechanical means beyond synchronism, the torque 
becomes negative and tlie machine !ict»i as a generator, giving 
the lower branch of the cui've. If. on the contrary, the motor 
ia turned in the sense opposite to tlie rotation of the field, tht 
torque decreases as shown on the left of the figure. 

Tkt Stanley Kelly T)ro phage Mbfor.— This motor has the^ 
oharacterigtiu pceiiliniity that though a two-phase niotoiv 




Fig. 477.— Stator of Stani-et-Kellv Motok. 



k 



the two magnetic fields are kept independent and are not 
combined to form a rotatory field The stiitor (Fig. 47T) 
coualsts of two parts, each of which ia multipolar, and which 
are " staggered " with respect to one another. Each simply 
produces an alternating field. The revolving part consists 
of two rotors side by side (Fig. 478), the windings of which are 
interconnected, so that the wire which lies directly under tha« 
poles in one of the stationary armatures, is in series Y 



under tna ^h 
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wire that lies between the poles in tlie otlier. So connected 
each rotor acts aUeinately i\s a niotm, to receive current and 




Flo. 478.— Rotors of Stasley-Kellv Motor, 



be driven by it, and as a transformer to send current to the 
other rotor. The windings on the two rotors togetlier are 
closed, having no external connections or commutator. 



Monophase Motors. 

As soon as polyphase asynchronous motors had readied 
the stage of practical succe-ss, it became evident tliat mono- 
phase asynchronous motors might be constructed on analogous 
lines. Many yeare ago De Fonvielle discovered that au iron 
disk pivoted within a coil supplied with an alternate current 
was mantained in rotation if once started in either direction. 
Even before the Introduction of polyphase methods the funda- 
mental tact had been discovered by Prof. Ellhu Thomson, 
that if a short-circuited armature is set into rotation between 
the poles of an alternating electromagnet, it will t«nd to go 
on in the direction of its motion and increase its speed. The 
alternating magnetic flux througli a non-moving rotor will 
induce strong currents in those conductors wliich enclose it ; 
but there will be no more tendency to turn in one direction 
than in the other. But Elihu Thomson found that owing to 
the lag caused by self-induction, the current in the closed 
circuit reacts, tending to produce a secondary magnetic field 
which is out of phase with tie primary or impressed fiel 1. 
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ISiesK^ X itoM semnOK^ jeid^ 'm tauimwim iiiiai ac aa ac^Ie 
^vitii -die ir'iiarv ieiiL die Twitani; JcsiiiiL wiH be cqciira- 

^ die ^ofinie )f jia uintff > 111111111 oil w&ft ^facK €zf altem^ie 

irng liaciifi ji ul uTpmatiTig TiagynffSR feiti oecti^ eiiLer 10 
move inr it die ieui ir 11 Tann sa ji^ oa ^ec laeLf ed^ew^vs 
oi die -nagnf*Tin lines. Hii ^ook: ml arSna^ eoaunaoos- 
earrBni: irmadn^ oiaced iiL ja tlOEcsacmc ni£iti, Moi haTing 
Atar^Arnrmzd die 'iraBae&. alaeett dLem. in an ooifque position 
wtdi :T»aoef!T: xi die nrsetiaiL *i£. die neliL Tie effect was to 
(suiae die imamri^ zo mGiQ& wick a emwitierabie torqae. 
T!ie iniuiiicTkiis it die ir^uumr^ accsd jotsc as an obliqaelv 
plasietf nnjT. bun -vuin. diia ii:f»*rgnce> cmic the ofaliqaitr was 
oiauniinnaLj 3:r»»aerT»»i£ by die bmshesi aad cooimtitator. not- 
widwCLiiiiin^ dia:: die .irmainzre ^nzrned. azid tKos the rotation 
waa icndaii:!!*. 

A ':Ii"ji*eti iCTirr^L-'iase roc«:>r. like Fljr. -|j5#). when once 
Mtzrzed in in tli«^r:;ur>r.g ( biw^^iiir > neli ten*is to run up into 
«mcLmtii:*in : dias i* u»> iar. if ifaere were no friction it would 
TTjiir: rrx.v/ilj bilf V "rrir!! lirlrz e-i*:K r»e^Tirr5aI of the primarv 
O'.rrrr.*. L :: :: "l-r-r i-? ijit ':^::i •i.r.'r in. turning, then it 
w.ll nr. -i "-:.-. '.^--r 4-'-.: ♦r.r.^ : r-cortion^ f .\s in the tx^lv- 
ph;^.*.^ rr.o'..r' i :.:• di-r Mrqu-r. Tbe only troable then is to 

Mor.o:/:.-*-*^ motors may therefore be built on lines pre- 
ci.H^*v -.irr*:l<>.r to the polyphase motors already described. 
TTi^ rotor, for srr.all sizes, may fte a simple squirrel cage ; 
for l/iT^ftT siz^s it will be a wound structure, with arrangement 
for inserting a starting resistance. The stator will be wound 
with appropriate windings to receive the primary cuiTent, 
and with an auxiliary winding to be used at starting, as de- 
»r;rilif;d Ix^low, and then either to be cut out or else thrown 
int^) the main circuit, 



fc. 



' Klihu Tliomson, *' Novel Phenomena of Alternating Currents," El 
"(trld, (N. Y.), May 2«, 1887. See also J. A. Fleming, ** On Electro- 

Spiifttlc Ili^pnlHion," Proc, Itoyal Institution^ March 1891 ; and Journ, 

. (^fArtM, May 14, 1800. 
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Splitting the Pha»e. — The way in which moiiopliase motoi's 
are commonly sturted is to superimpose upon the alterutitiiig 
field an oblique field differing in phaae. This is usually done 
by having additional coils on the stator fed by a current tliat 
is out of step with tlie current in the main coils, and it is 
necessary to have some device which will cause a differeuoe 
in the phase of the currents in the two branches. This 
operation of splitting the phase may be performed in many 
ways. FeiTaiis produced rotation in his motor by connecting 
one of the pairs of coils in the circuit of an ordinary alternate 
current, whilst the other pair were connected as a shunt to 
the circuit, with an inductive resistance Included in order to 
retard the phase. Borel attained a similar result by using 
iron coi-es in one pair of coils. 

We have seen (p. 563) that in circuits possessing resist- 
ance and self-induction the tangent of the angle of lug of 
the current behind the electroraotive-force is equal to^ L/R. 
If, therefore, we have a comparatively large self-induction in 
one branch of the circuit, and comparatively large resiiitaiice 
on the other, the phuses of the currents will differ by nearly 
90". This difference in the self-induction of the branches 
may be caused either by the difference in the number of turns 
of wire in the coils on the stator and the arrangement of the 
iron around them, or it may be caused hy putting in aeriea 
with one of the branches a coil of wire on an iron core. A 
non-inductive resistance may be introduced into the other 
branch. 

A difference in phase can also be produced by giving one 
of the biTuiches capacity by means of a condenser, capacity 
having the effect of giving the current a lead. The kind of 
condenser usually employed for this purpose is an electrolytic 
condenser, consisting of a number of iron phites with a solu- 
tion of carbonate of soda between them. 

•Split-phase Motort. — This device of procuring a difference 
of phase at starting may also be made use of for the permar 
nent running of a motor. Two-phase niotoi'H were designed 
by Tesia in wliich the two sets of poles were wound Avilh 
coils having different resistances and iudlictauces. They 
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only need to be supplied, however, from a single somce of 
alternating current. 

Theory of Monophase Moton. — Prof. Ferraiis ■ lias given 
a simple method of treating this subject in which the alter- 
nating magnetic field is regarded au being resolved into two 
magnetic fields rotating in ojjposite dii-ections. It is a famil- 
iar point in mechanism that any simple harmonic rectilinear 
motion may be resolved into two equal circular motiotui in 
opposite directions. Fig. 479 illustrates one way of doing 
this, the mechanism being well known to eiigineera. The 
amplitude of the original motion ia equal to the diameter of 





no. 480. 



each of the circular motions. Ferraris deals, however, with 
the problems of the alternating mi^netic field qaite generally, 
applying the geometrical notion of rotating vectors. ' 

If we represent by the vector bi which rotates clockwise 
uniformly about O, the magnitude and direction of a rotating 
magnetic field, and by A, the magnitude and direction of 
another field of the same strength rotating in the opposite 
sense with the same frequency n, it will be seen that the 
direction of the resultant field is always along the line B, and 
the magnitude of the resultant field willaltemate between the 

I Gkllleo FemrU, "A Method for the TreatiueDt of Routing or Alt^r- 
luting Vectora, with an Application lo Alteraate-ctureut Motort," fleetri- 
Ctan, no, 129, 15S, 184, 1894. 
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values + 26 and — 2 J followiug a sine function of tlie time, 
80 that we may write B =; 2 i sin 2 - m f.. 

Conversely, if we have a)i allernatiug field following the 
law Bg sin 2 ir n t as in a monophase motor, we may resolve 
it into two oppositely rotating fields of the same frequency n, 
and consider the effect of each field sepai'ately upon the rotor. 

If the rotor turns clockwise with a frequency m, the fre- 
quency of i-otation of the clockwise field with I'espect to the 
rotor will be » — m, and the frequency of rotation of the 
counter-clockwise field with i-e&pect to the rotor will be 

Each field may be considered as generating currents in 
the rotor, and the toique due to such currents flowing through 
conductors in the field may be ascertained by the formulfe 
employed in the case of rotary-field motoi-s. 

Now it was found above (see p. 682) that a field rotating , 
with a speed » relatively to the rotor produced a Unique 

where L ^ ^. and the coefficient 2 j; is added because on 
p. 682 8 was an angular speed, whei'eaa litre ft and m are 
revolutions per second. 

The torque due to the two oppositely rotating fields will 
be 

Torque = ? 7- r ^-?^_ " + "» 1, 

where q is proportional to the number of conductor on the 
rotor and to the square of the magnetic flux. 

It is not necessary to consider the partial torque exerted 
by the currents due to one rotating field flowing in conductors 
that are immersed in the oppositely rotating field, because the 
frequency of these cuiTents diftere by 2 m from the frequency 
of that opposite field ; and consequently this torque is rapidly 
reversing in direction. 

In order to find the torque due to the field rotating clock- 
wiae with the frequency n — »i, we draw the curve O P Q W 
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(Fig. 481) (see p. 683 where the curve is reversed) showing 
the relation between slip and torque obtained by the formula 



T = ? 



r% 



r«-f47r«LV 



Let O Q^ represent the speed of rotation of field of fie- 
quency n ; then measuring backwards from Q^ a distance Q^ P^ 
= m (= speed of rotor) we get the abscissa O P^ = n — w, and 
the ordinate P^ P represents the torque in question. 



VjS^ 




Fig. 481. 



To find the torque clue lo tlie counter-clockwise rotating 
fieUl, <\e measure off forwards from Q^ the distance Q^ U = m 
and get O U^ =?i 4- w^ then U U^ represents the torque due 
to a slip n -f m. This being in the opposite sense to the torque 
P P^ we can cut off from P P^ a part P P^^ = U U„ and obtain 
P^^ P^ which rei)resent;5 the actual torque on the rotor. For 
convenience in subtracting the torques due to counter-clock- 
wise field we may draw Q W^ symmetrical with Q W, and then 
subtract the intercepted parts such as U^^ P^ from the ordinates 
such as P P^. Doing this for all the ordinates between O and 
Q^ we obtain the new curve T P^^ Q^ the ordinates of which 
represent the actual torque for various values of m. When 
m = 0, that is to say, when the rotor is stationary, the two 
opposite torques balance one another ; as ?» is increased the 
torque rises to a maximum, and then falls to zero before m is 
quite as great as n. Any further increase in m produces an 
opposing torque. 

This argument assumes that the impressed flux remains 
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fixed, which is only true so long as the motor is supplied with 
the same current. The curve cannot therefore be taken as 
the true characteristic of the monophase motor supplied at 
^constant voltage, but is useful as a simple indication of its 
general behavior, When load is thi*own on to the motor its 
speed decreases a little, more current flows through the stator, 
and the impressed field is correspondingly increased, so that 
the quantity denoted by q increases in reality with the load. 

A number of alternate-cuiTcnt motors have been devised 
which do not come under any one of the preceding classes, 
and yet are hardly susceptible of classification. 

Laminated Series Motors. — For small power an ordinary 
continuous-current motor with commutator arid brushes may 
be used, provided the field-magnet is built of laminated iron. 

Retarded Field Motors. — If one end of a laminated bar of 
iron is placed in a magnetizing coil supplied with an alternate 
current, it will undergo an alternating 
magnetization . But if at a poin t further 
along it is surrounded by a stout copper 
ring or ferrule, the eddy-currents in- 
duced in the latter, being out of phase 
with the primary current, will react 
locally on the alternating magnetiza- 
tion and retard the phase of the mag- 
netic pohirity at all points beyond. 
Consequently, if two or three such 
closed rings or bands of copper sur- 
round the iron core at different distances along (Fig. 482), 
the effect will be the same as if the poles travelled along the 
iron at a finite speed, a north pole being followed by a south 
pole, and again by a north pole, each travelling toward the 
tip, and there dying out. On this plan the Ferranti-Wright 
motor is based. It is used in Ferranti's alternate-current 
metei-s. A pivoted iron disk is placed between two curved 
pole-pieces of laminated iron, each of which is furnished with 
retarding-rings of copper. 




Fig. 482. 
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For transforming coRtinuous currents a revolving apparatus 
is required consisting, in principle, of a motor (driven bytlie 
mcoming or primary current) driving a generator, wliicli 
induces a secondary current at the desired (low) pressure. 
Such combinations, known as motor-generatort, are specially 
considered in the next chapter. 

For transforming alternating currents (whether single-phase 
or polyphase) all that is needed is a stationary appai-atus con- 
sisting of a suitable core of laminated iron with primary and 
secondary coiis wound upon it— in fact an induction coil. 
These alternate-car rent transformers forai tlie subject of the . 
present chapter. 



► 



■BNERAI, Notions about ALTERUATEMiailtKENT 

Trans FORMEits. 



Tlie simplest and earliest form of transformer was the iron 
ting of Fai-aday, Fig. 483, upon which he wound two coils, a 




primary and a secondary. In elementary treatises ou 
electricity it is explained how an electromotive-force is 
induced in the secondary whenever the primary current is 
increasing or diminish ing,-because the magnetic lines made 
in the iron core by the primary current thread through the 
secondary coil and act inductively. The same thing occurs 
in the form shown in fig. 484, where the two coils are wound 
one outside the other upon a straight core of iron wires. 



b. 
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An altemaliiig tniiisfoniier miiy be regarded sa a species 
I of dynamo, in which neither armature nor field-maguec i-e- 
Tolve, but in which the magnetism of the irou i.-ircuit is made 
to vary through rapidly repeated cycles of allemaliun, by 
separately exciting it with an alternating current. The pri- 
mai-y coil of tlio transformer corresponda to Uie field-nmgnet 
coil of the dynamo ; the secondary of the transformer to the 
ftnuature coll of the dynamo. 

If an alteniHting current hnring a frequency of n periods 
per second be sent into either of the coil» there will be set up 
in the other coil an alternating electromotive-force having tlie 
Bame frequency, because tlio iron core is undei-gnjiig iio 
alternating magnetization also of n cycles per second. Tlie 
effect on the second circuit is the same as if the magnetized 
irou core were being plunged into and removed from the 
second coil n times per second. 

Our fii^t step shall then be to calculate the electromotive- 
force induced in a coil of any given number of turns by an 
alternating magnetic flux in the core within it. Let S be the 
numljsr of spiiuls or turns in the coil, and ^ the maximutn 
value of tlie flux in the core. Suppose that the changes of 
the flux follow a sine law we may then write for the value of 
the flux at time i after the maximum has occuiTed, 

N, ^ N ^^^ 2 = » ^ 

But tlie electromotive-force in any one turn is proportional to 
tlie rate at wliich N is changing, ov to rf N / rf (. Further, we 
must multiply by S, and divide by 10* to bring to volts. 
Performing the differentiation we get 



E, = 



The virtual vali 
substituting for sin 2 
namely v^, giving us 



2cnSN8in2;:n(-i-10*. 

of this electromotive-force is obtained liy 



\ t itssquare-root-of-raean-square value 



KP" 



E = 4-45 n S N -5- 1*>*- 

is formula is fundamental in transformer calculations. 



I 
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Now consider a simple magnetic circuit, having wouud on 
it a primary coil of S ^ turns, and a secondary coil of S j tui^is. 
We mayconceive.it like Fig. 485 ; but to avoid complications 
at first, we will suppose that there is no magnetic leakage, 
that is to say, all the magnetic lines created by the cuiTent in 
the primary coil thread through the secondary coil. The 
impressed electromotive- 
force applied to the tei^ 
minals of the priniaiy 
coil sets uji a primary [ 
current which produces 
an alternating magnetic 
flux, and this alternat- 
ing flux in turn induces 
electromotive-forces, not 
only in the secondary coil but also a back-electromotJve-force 
in the primary. These two induced electi-omotive-forees will 
be strictly proportional to the respective numbers of turns, 
and absolutely in phase with one another. We may write 
tliem 




Fio. 485.— Elementary Transformer. 



E,: 

we have, therefore. 



= 4-45 1 

= 4-45 / 



S, M -- 108, 



This ratio is called the ratio of traju/ortnation, and is in this 
chapter denoted by k. 

Two main eases now arise for consideration : (i.) when the 
secondary circuit is open ; (ii.) when the secondary circuit is 
closed on a load of lamps or other resistance. 

If the secondary circuit is open, though electromotive- 
force may be induced in it there will be no secondary 
current, and therefore no reaction of any kind due to this 
coil. It might as well be absent. The only reaction will be 
that of the primary coil on itself. As in a motor running 
light, so in the transformer at no load, the back-electromotive- 
force will be almost equal to the impressed electromotive- 
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force. Tlie lalWr laust be sliglitly greater, for there must 
be enoQgb volts iiubalauced to diive the requisite small 
niagtietixing currenl thiough the intenial resistance of the 
primary coils; as there are hrateresis and eddy-current losses 
they aIso must be jirovided for by a small additional primary 
current. But. save for these, the whole action of the primary, 
when the secondary is open, is tliat of a chokiwj coil, and the 
induced electromotive-force E, will be in almost exactly 
opposite phase to ihe primary currant. 

Now [lass to the case where the secondarj- is closed upon 
a load of lamps or other resistance. We will suppose this 
resistance to be for iJie preseut a simple non-inductive 
resistAnce. There will be a secondary cnrrent in phase with 
the induced electromotive-force E,, therefore in phase also 
with E,. therefore iu almost exact op^iositiou of phase to the 
primary cuirent. When the primary is rising to its maxi- 
mum, the secondary will also be rising to its maximum, hut 
flowing the opposite way i-onnd. While the primary is 
mt^netizing the secondary is demagnetizing ; and it is clear 
that tlie magnetic Hux, on which the counter-electromotive 
force in the primary depends, cannot be as great as befoiii 
unless more current Hows from tha primary source. In fact, 
more curi'ent will of itself flow in the primary because of the 
demagnetizing effect of tlie secondary current. The effect of 
the presence of the current in the second circuit is then to 
tm<^hak« the primarj-. The primary coil now acts not as a 
cholving coil to dam back the primary current, but as a 
workiAff coil, inducing current in Uie secondary by flow-ing 
Bufficiontly strong to keep ap the alternating magnetic flux 
in spite of the demagnetizing tendency of the secondary 
current. If only half the lamps are on, then the primary wiil 
act partly as a choking coil and pt»rtly as a worki' g coil. If 
the primary impressed volts are kept constant, the secondary 
volts at the t^i-minals of the lamp circuit will be nearly 
constant also ; and the apparatus becomes beautifully self- 
regulating, more current flowing into the primary of itself 
when more lamps are turned on in the secondary cireuit. 

The elementary theory of this simple case of a tranf- 
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former without leakage, working on a non-inductive load of 
lamps, is quite easy. Adopting the same notation as used for 
motors and dynamos, write § for the volts of supply as 
measured at the primary terminals, and e as the volts at the 
secondary terminals. Let ti be the internal resistance of 
the primary and rj that of the secondaiy. Call the ratio of 
transformation A: = Si / S, = Ej / Eg. Since (apart from 
small hysteresis losses, here neglected) the work done ly the 
fluctuating magnetism of the core is equal to the work done 
on it, we may further write Ei Ci =£,08; whence it follows 
that Ci = Cj / k. The volts lost in the primary are nCi ; those 
in the secondary rjCg. Hence we may write 

g = El + Ti Ci, 
^ = E, — rg Cg. 

Writing the first of these as : 

El = g — riCi = g — rA/ A, 

and inserting Ei / k for Eg iii the second equation, and substi- 
tuting, we get 

which shows that everything goes on in the secondary as 
though the primary had been removed, and we had substi- 
tuted for § a portion of it proportional to the number of 
windings, and at the same time had added to the internal 
resistance an amount equal to the internal resistance of the 
primary reduced in proportion to the square of the number of 
windings. 

Example.—\n aMordey H kilowatt transformer, Si = 300 ; Sj = 12; rj = 
lOohms; r2 = 0-014 ohm; §'=1000; find e when C^ = 36 amperes. Here A: 
= 25 so that on open circuit the secondary volts would be exactly ^ of the 
primary volts, or 40 volts. But working out by the formula for the output 
of :W amperes the terminal volts e drop to 38*92. 
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Construction of Trassformees. 

The function of the core is to carry the magnetic lines tfait 
are created by the circulation of surrounding currents, and to 
excite inductive actions in those coils. It is therefore obvious 
that in the construction of a transformer the core must have a 
Btifliciently great sectional area ; further, that its shape ought 
tu he such that all the magnetic lines created by the primiir}- 
coil shall pass without leakage through the aperture of the 
secondary coil ; and to accomplish this the magnetic circuit 
ought to be A cloiied circuit of compact form, aud with as few 
joints as possible. If there b magnetic leakage, so thatsome 
of the lines made hy the currents in one of the coils do not 
thread through the otlier coil, then each coil will tend partially 
to choke its own currents, and the drop in volts at full load 
will be greater than that which results (as above) merely from 
internal resistances.' To avoid inductive drop then, we 
must use such a construction that there is a minimum tendencj 
to magnetic leakage. It is also important to keep the form of 
tlie magnetic circuit as compact as possible, so that the 
necessary magnetic flux may be attained with asfewampcre- 
tunis as poiisible. If by avoiding joints and gaps in the 
magnetic circuit, by using the most permeable iron, by having 
the length of path along the cirouit as short as may be, and 
by having a sufficient cross-section of iron, the toagaetiG 
reluctance is kept low, then a very small magnetizing current 
will be needed. This is of great importance in all trans- 
formers that are to be used for light all-day loads. 

For high-efficiency transformers it is also necessary (o 
avoid those kinds of iron that have much hysteresis (p. 13T). 
and to use sheets so thin (^about 0-5 millimetre or ^ inch is 
the usual limit) that eddy-current losses are kept small. 

> .Another iraj of stating this result is »3 follows :-*-As will be shown st 
the vdA of this chapter, the effect ot there belDg a coeffiuleat of niuliuU in- 
duellos between two circnita, is lo ilimlnish the seK-induet loa of each ot tbem 
Mpanttek ; or if their convolatlona are woand aroonil th« same core, Id 
geotuetrioilly hlentieal relations, the eS^ct at the mutual tndiu^lJoii Is to 
wipe out the separate self-inductions. .Yny uObalancei] self-induction In 
either circuit will necessarily tend to make that circuit act as a choking- 
coll; and anj magnetic leakage wlU act as an unbalanced self-induction. 
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As a furtlier coMBtructional point it is not unimportant to 
choose such forma as will permit the coils to be wound in a 
lathe, and to be mounted and dismounted without undue 
labor. 

Return now to Fig. 483 which depicts Faraday's ring- 
tmnsformer. Its iron core was not laminated ; and the 
placing of the two coils was sucli'that there was a great 
tendency to magnetic leakage aeross the ring from top to 
bottom. Two obvious improvenientH are (l) to make the 
core of wire or washei-s; ('2i (o wind the primary and secondary 
coils in Hcctions, sandwiuhed between one another, as in 
Fig. 486. 





Fio. 487.— VableTb Closbo- 
cmcrrr Transfobmeb. 
Now turn to Fig. 484. p. 69-5, ■which depicts the cylindrical 
type of induction coil, also used by Faraday, further developed 
by Cftlhxn, Miisson and Ritchie, and perfecli-d for spark 
purposes by Ruhrakoi-ff. It has a bad magnelic circuit; for 
the magnetic lines will have in find their i-eturn pal lis throngh 
the surrounding air; it will takearehitivcly liirppningnetizing 
current, and there will bo some leakage, thmiigb not quite as 
much as if the two coils had been wonnd separate!)' on the 
two ends of the core inRte:id of over one another. Fig. 487 
depicts a form due to Varley. which is an obvious improve- 
, the magnetic circuit being much better closed. Tha 
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modern Pyke and Salomons transformer is like this, but has 
the coils sandwiched along the core. The Ferranti trans- 
former. Fig, 499. also resembles this form, but has its core of 
ribbons of sheet iron. If we imiigine the two coils made quiie 
short and set side by side on the core, the elongated form of 
Fig, 487 might be reduced to the squat shape of Fig. 488. 
which is a form introduced by Zipeniowaky. The primary 
and secondary coils are first laid upon one another, and the 
iron core is then wound through and over them by a shuttle. 
80 that the whole of the copper is enclosed within the iron. In 
the drawing (Fig. 488). the front portion of the iron winding 
is represented as removed to show the interioi-. Mr, Kapp lias 
jimposed the name of " sliell-triiiis- 
formore" for this tyiw of apparatus 
as distinguished from, those with 
a mere stniight or a non-expanded 
internal core, which he calls ■■ core- 
transformers." But the two lyjies 
run into one another. All shell- 
transfonnera have a core, and all 
coie-trans formers, if they have closed 
magnetic circuits at all, have some 
portion of iron returning outside the windings ; so it is only 
a question of detail how far this return portion is spread out 
as a shell. It is certain that ejccellent transformers are made 
in accordance with both extremes of type. 

Types nf Modem Trantformers. — Modern transformers, 

I almost without exception, have cores built up of thin sheet 
stampings. The forms shown in Figs. 489 and 490 are 
typical of a class in which the stampings when assembled 
constitute a long central core and an external shell, with two 
long apertures to receive the coils. Different firms build up 
the stampings differently, and wind the coils in different 
ways. 
To avoid waste of material Mordey introduced the method 
shown in Fig. 490, where the cross-pieces that fonn the core 
are simply the rectangular portions stamped out of the external 
plates that form the shell, ff the external dimensions of the 
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shell-plate are 6 by 4 inches, the core-plates will be 4 by 
2 inches, and each of the windows will be 2 by 1 inches. 
These pieces are interlaced as shown, being built up, however. 





Flos 489 and 490,— Core-pi jites of Transf^JIERS (WeetiDghonse 
sti<l Monies). 

around the coils (notshown in Fig. 490) which are previously 
wound upon a light rectangular former A. Fig. 491, made of 
hard wood steeped in ozokerit. 

Fig. 492 shows in diagram 
four different ways of disposing 
the primary and secondary wind- 
ings in the space available in 
the apertures. Apart from an 
allowance for the small extra 
amount of primary cuivent for 
magnetizing, the quiKitilies of 
copper needed for primary and 
secondary' are equal (for mini- 
mum heatrwaste and drop) ; for if the secondary wire has 

only ^ as many turns as the primary it will have to carry t 

times as much current, and therefore require a section k timea 
as great. It is usual to make the primary of a round wire 
well insulated, and the secondary of insulated copper ribbon 
or rectangular strip. And as the insulation of the fine primary 
wire takes up a relatively greater space, the total space left for 
the primary is greater tlmn that for the secondary. Owing to 
the conditions of imperfect ventilation a high amperage cannot 
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be used ; a cwrrent-density of 500 amperes per square inch 
being considered rather high, (Refer to tahle, p. 371). 

In Figs. 493, 494 and 495 are depicted, without showing the 
jointiug of the cores, three types of construction now most in 
vogue. The first of these is the long shell type just dis- 
cussed ; with its exceedingly couipoct magnetic ciKUJt and 
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ite elongated loiIo built on a bpouiitl iVanie. Tlit; .second 
ipresents a tj pe used by tlie Oerlikon Co. (compare Fig. 496) 
haMH^ a Ijiig t-ore o\er which the coils, wound in cylindrical 
Iwbhins, can be slipped, the shell-yokes being then 
added, being furnished with faced joints. Tliis feature of 
ing the windings cylindrically over one another upon a 
core is found excellent for avoiding leakage and induc- 
drop, and it therefore gives good regulation. As will be 
ioed, an approximation to cylindrical fnnn is procured by 
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use of graduated sizes of core-plates. The flue-wire high- 
voltage winding is divided into two parU for the purpose of 
keeping far apart the ^Kirtious which differ greatly' iu poten- 
tial ; and the winding is coned 
at its ends so as to obviate 
the use of bobbin cheeks ; 
insulatiou in oil or air being 
better without them thaQ 
trith them. 

The transfornaer now 
btiilt by Brown, Boveri & 
Co. has a similar iiiterniil Fio498 

core, over which, on a paper 

ojliuder, is slipped the secondary winding of copper stj-ips, and 
over this again the primai'y winding in two coned coils : but 
the yoke part is not in two portions as in Fig. 496. but in one 
of double section fitting bv faced joints. 

The form represented in Fig. 495 is that adopted by 
Messrs Johnaon and Phillips, originally from the designs of 




I 




Mr Ivipp ind niiiy be described as an improved Faraday 
ring Dobrowolskj emptor sn kindred pattern. Plate XIX. 
gives drawings the miterial for which was principally 
furnished by Messrs. Johnson and Phillips, who have 
patented several improvements. The cores as shown in 
that plate are built np of varnished plates of graduated 
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sizes, so that tlie section of eaoh limb is apiii'uxi iiiiitelj' 

octagoiiiil. Tlie cores ai-e served with tape ami coiited witli 

eliellac vai-iiisli. The stampings are in rectangular strips 

imbricated at the joints, and secured 

by uisidated bolts. Sleeves o£ i 

Kulatiiig material receive tlie coils, I 

ivliich being cylincb-icid are slipped 

over one auutlier 011 tlie longer Hr 

of tlie core. Afterwards wlien placed I 

concentrically on the core, sheet ebo- I 

nite is interposed between them ; the '■ 

fine-wire primary lying outside tlie 

aiicondary. A cast-iron watertight 

case encloses the whole. 

Fig. 498 illustrates the so-called 
" Hedgehog" transfonner of Swinburne,^ havin;^ us core 
a bundle of iron wires which, after receiving ilic copjwr 
coils, are spread out at their ends so as to reduce the 
magnetic reluctance, which is in any case 
great, the magnetic circuit being an open 
one. It was supposed to be more effi- 
cient, as the weight of iron is so snmlt, 
reducing the eddy-cun'ent and hysteresis 
losses. But owing to its incomplete 
magnetic circuit it requires a very large 
magnetizing eun-ent, and therefore at low 
loikds waates a di&proportion:ile amount 
of energy in the primary mains. Jt is 
now generally aijreed that closed-circuit 
forms are preferahlt; - they have the further 
advantage of an entire absence uf waste 
from edily-eurrents in the copper cnn- 
diictoi's, however massive. 

Kerianti's transformer (Fig. 499) for 
extra blgii pressure work, has a core made 
(if a large number uf thin strips of iron, 
tically up Uu'ough the midille of the copper 1 
' JoxmiaX In*t. Elrrlr. Enuiurrrn, xx. 183, ISlll. 
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Trassfiirmer. 
, which pass vcr- 
and 



I «re bent round Iwlow anii ubove on each side, and interUppcd 

k 00 ait to complete tlie magnetic circuit. The coils u« made 

of copper strip, rer)' carefully insulated, and compacted lu- 

getlit-r til !<<^oli»n.s hy insulating msteriat. There are three 

coila thu3 built up, tlie innermost being a portiOD of the 




k 



primary, outsitle this the secoiulmy, and outside this again Q 
rest of the primary. Sheets of ebonite me interposed in tbe 
8paae» between these coils, bo as to prevent sparking aci'osji 
from the high-pressure coils. There is also room for air ven- 
tilation in the vertical spaces where these sheets of ebonite 
are wvapiwd round between the tliree piles of coils. 

Pha«e-rv!afions in Transformers. — Kpeping in mind always as 
the chief considpratifm in the operatiun of a transformer, the 
alternating mnetiptir flux in the core, wo must next study the 
relntiona to it of the other quantities. It may be remarked that 
in a system of supply at constant voltage, this flux scarcely 
varies between no lond nnd full lond. As in a compounded 
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Cm 



Cp 



<1 yiiamo, so in a regulated transformer, to keep the volts at the 
terminals of the lamp-circuit constant needs at full load an in- 
crease of but 2 or 3 per cent, in the magnetic flux to compensate 
for tlie drop. To simplify matters we wiU suppose, however, 
that a drop is allowed to occur, but that the flux always alter- 
nates around the same cycle. Also, for simplification, suppose 
tlie ratio of transformation to be = 1, so that ampere-turns in 
each coil may be plotted to same scale as amperes. For any 
otlier ratio it will at any time be easy to substitute any given 
value of the ratio A:. Then Ei = Eg, and both are at right angles 
to tlie line N O N, Fig. 500, which on the clock diagram repre- 
sents the time when the flux is at its maximum in either direc- 
tion. Consider first the case of no load ; then the only current 
will be that in the prinlary, and if 
there were neither hysteresis nor 
eddv-currents in the core it would 
be an entirely watt-less current, in 
quadrature with the primary im- 
pressed volts, but in phase with 
flux. Let the value of this mag- 
netizing current Cm be represented 
by the line O Cm. But as hystere- 
sis and eddy-cuiTents put a small 
load upon the transformer there 
will necessarily be a small com- 
ponent of current C^ in phase with 
the volts. This may be repre- 
sented by the line O Cp. The 
actual no-load current will be the 
resultant of O Cm and O Cp, 
namely O C^. The power factor at 
no load will be the ratio of the tioie 
watts to the apparent watts, or is 

Cp -r Co. To furnish, the small electromotive -force O v requisite 
to drive the current Co through internal resistance of the primary, 
the impressed primary volts must have a magnitude and phase, 
such that O © shall be the resultant of O Ei and O v. But as the 
no-load current is, say, only 3 per cent, of the full current, and 
as the primary lost volts at full load will not be more than 2 per 
cent., O V will not be more than about tbW of O Ej, and the differ- 
ence of phase between O g and O Ej will be insignificant.. 

At full load the phase relations are somewhat different, and 
they differ according to whether the load on the secondary cir- 
cuit is a plain resistance, or as to whether it is inductive, causing 
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a lag of the secondary current behind &, If we consider thp 
latter case it will be easy to see what difference the absence of 
self- indue lion would make. Aa before, take for referenc* the 
phtise of the flux, and work backwards to find the relative phase 
of the impressed primary volte. The secondary induced electro- 
motive-force E, will, as before, be at right angles to N O N. 

Now, if there is inductani-e In the secondary, as well as resist- 
anc". there will (seo p. 6C3j lie a lag such that tan ^ = p L, -r R, ; 
and the effective volts Rt C-", that drive tlie secondary current 
through the resistance, will be got by the construction in the 
lower part of Fig. 501. The 
length O C) may be taken as 
the effective secondary volte ; 
and the actual volts at termi- 
nals e might bo found by de- 
ducting from O C, a short 
length to represent the lost 
volts Tj C,. The secondary 
current also will be repre- 
sented in phase by O C,, and 
by a suitable change of scale 
Ct might also represent ii 
in magnitude. Producing 
O (.', backward to an equal 
length, and compounding this 
line with O C (the no-loail 
current) we get O C, to n-p- 
resent, according to sciil*- 
chosen, either the primary 
current or the primary am- 
pere-turns. Along the same 
line we take the part O t" to 
repreaent the volts needed to drive this current through the mere 
resistance of the primary wiudliigs. We shall now have to com- 
pound O V with the counter electromotive-force O E| induced Id 
the primary by the core ; and at the same time we must take 
into account the unbalanced self-induction in the primary lif 
any) by drawing a line x 8 (=p Li Cj at right angles to O C, 
This gives aa the final resultant, showing required magnitude 
and phase of the impressed primary volts, the tine O S. Consid- 
eration of the diagram will show that the smaller the no-load cur- 
. rent the more nearly would Ci and C he in complete opposition 
kof phase ; also that self-induction in the primary throws the 
Abase of E, behind ©, and that self-induction in the secoiu 
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tbrowsC,behindE,. hence leakage, which throws self-inductioi 
into both circuits, tends to shift the lines O & and C- nearer to 
one another. 

The actual performance of transformers has been carefully 
examined by Prof. H. J. Ryan,' who has plotted out curve 
show the forniB and phases of ibB several varying quantities. 
The transformer useil wits a small one of tiOU waits capacity, 
lulupted for transforming down from 1000 to BO volts, the nt 
her of windings being 675 in the primary, and 3S in the secondary 
coil. The volume of laminated iron was about 2050 cubic cm. 
Tlie mean length of the magnetic circuit was 3U'8 cm. and mean 




Fig. 502. — Transformer CmvES on Open CrRcmr. 

crose section 63'3 sq. cm.; the frequency used was l.tS. Figs. 
502. 303 and 504 show the results. It wiU be noted that althougli 
theprimary current curve differs widely from a curve of si 
(especially at light loadsi, nevertheless the curve of secondary 
volts is much more nearly like a sine curve ; and it is always in 
almost exact opposition of phase to the curve of primary volts. 

■ AiMtr. 7m(. Meelricai Eualnrcm, I9fi9 und I.SflO. five also Elertrienl 
World, jiv. 419, Dec. 28, 18S0, «nd ivi. 10, July 2.'i, 18B0 ; atso The Elettrt- 
dan. xx\\. a«3, and xxv. 3i:l, lawi ; also La LumCrre 6lfctriqHe. xxx\. BUa. 
188D, See alio an appenitlx paper by ^Cfssrs. nnmplir^y and Pon-el] in Elec- 
trical tToria, xtL II, 1890, and The Sleetrieian, xxv. 280, 1890. 
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In tt sw.inci (KiiKT Ryan shows that the loss of energy b 
I currents is less when the core is hot than when it it 
I curious form nssunied by the current curve is due solely to the 
I properties o( iron. IE the impressed primary volts follow a sine 
1 law. that of the inagnetiiniig current and of the primary current 
[ tt low loads will obviously not have the same form unless the 
[ permeability were constant. At that stage of things when per- 
' tneabUity is increasing with the flux-density (i. e. when B is '■?■ 

tween 1000 and flCMK), see Fig. "J2i, the current need not increa^; 

00 fast as to conform to the sine curve ; but lit the stage when 
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the permeability is decreasing while B is increasingii. e. whenB 
has passed SOOO), the current must increase more rapidly than 
would confortn to tlie sine curve.' 

Effflcienci/ of Traitefortiien. — It has been found independently 
by Steinmetz, by Fleming and by Wedding that the eCBcieney 
of a given transformer deix-nds to some extent upon the form of 
the electromotive -force impressed by the generator, a peaked 
form giving a higher efficiency, a flat-topped, square -shouldered 
form giving a lower efficiency than a pure sine curve. The rea- 

' See Ryan anil Herritl, Fortenbaugh and Sawyer. Major nippisifj'. 
I Proc. Roy. Soc, 18»a, HI. 255; Flt^ming, " t>eUn(-aiion of Altfmsting 
I Current Curves," Electrician, ISOS, sxiiv. 507 ; Riminglon. E. C. "Aliei^ 
* Current wlieii E. U. F. la of a zig-ug wave type." PAya. Bevtae, iii. 
■'300 (ISSe,). 
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portioiiatply with the higher flux -densities. For, since the vnlue ^H 
of the volte at any instaut depends on the rate of change in the ^^H 
magnetic flux, a square- shouldered volt curve will imply a high- ^H 

recent inveBtife'atiun' on tills subject, found that at no lotid the ^H 
primary windingwhen the voita followed a sine law absorbed ^^H 
1-5 times as much enei^y as when a peak wave was used. Hu ^H 
pointed out that one objection to the peaked wave was that it ^^^k 
put a greater stress upon the insulation than a sine wave of tliu ^^| 
same virtual value. ^^^k 
Many discussions have arisen over the curves of transformers ^^^k 
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Design of TRANSFoiuaots. 

In designing a transformer that shall have a given output when 
supplied from mains that are operating at a given voltage and 
frequency, there are several modes of procedure ; and in many 
points experience is the only guide. The foUowing is probably the 
best way to go to work. First select the type of structure, then 
from economical conaideratioDs decide what will be the permissible 
loss of power in iron and in copper. If the transformer is for all- 
day use at low loads the iron loss must at all hazards be kept low. 
IE only for use during short perioiia a larse copper loes may be 
allowed. If it is for motor running a considerable inductive drop 
is admissible. Having decided how many watts may be lost in 
the iron, fix, from previouseEperienceitheapproximatedimeuBions 
of the ironwork. Choose the size of core stampings, and deter- 
mine approximately the number likely to be wanted for the out- 
put. It will be easy to take a few more or a few less if on com- 
pleting a first calculation some change seems desirable. Tliea 
estimate the approximate weight of iron, and from thia and 
the permissible loss in watts calculate the loss per pound 
of iron. (This should come out from 05 to 1'3 watts.) Then 
refer to the curve, Fig. 91, which connects this loss with the flux- 
density g. and find the corresponding value of Q. If thia comes 
out lower than 4000 or higher than 8000, it wilt be well at once to 
go back and take less iron or more a» the case may be. Having 
found a reasonable value for g, estimate (in sq, centimetres) the 
nett area of section of the core you have chosen, and multiplying 
this by B you get the flux |*^ , Then from [sj and the prescribed 
voltage and frequency you find S, by the formula on p. G97, and 
from Sj and the ratio of tran a formation you find Sj. 

At this stage it may be well to calculate the no-load current by 
fin di n g separately the wattless magnetizing current 0^. and the 
waste-power current Cp necessitated by hysteresis and eddy- 
currents. The former may be calculated by magnetic-circuit 
principles, and the length / of the path of the flux along the mag- 
netic circuit and the value of the permeability ^ that corresponds 
to the particular value of g. by the formula 

C„ = - __BJ_ — 0-.W5 g/--;,S.. 
V'2-0-4=r.ju.S, 

The waste-power current C^ is calculated from the power per- 
mitted to be wasted in the core, by dividing down by the primary 
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volts. Finally the no-load current Co is calculated (see Fig. 500) 
by the formula 

Co- /C7+C? 

Returning to the design, calculate from the drawing (with due 
allowance for layers of insulation) the mean length of one turn of 
primary winding, of primary, and of secondary. Then from the 
available space left for the windings (allowing about i of this for 
the primary winding because of insulation requirements, and \ for 
the secondary winding) and the numbers S| and ^t calculate the 
sections, resistances and weights of copper. Then work out the 
watts lost in copper at full load and no load, and the current 
density. If the copper losses come too great you have not left 
winding space enough, and must take a larger iron core. It de- 
pends on the type of structure as to what you can do with a larger 
core. If it is such that the apertures for the windings (as in Fig. 
492) are no larger than before, it will, by having a greater section 

of iron, have the advantage that W being greater, Si and St may 
both be smaller, and therefore larger sizes of copper wires can be 
got into the same apertures. If the new core is longer than the 
old one, but no thicker, you can use the same numbers of tiuns 
as first calculated, but thicker wijres. 

In all cases it is well to work out on paper the effect of two or 
three different selections, and to choose that which comes nearc:>t 
to the proscribed conditions. Some capital examples of working 
out are given by Evershed.^ 

Anotlic^r method of procedure is to assume an iron core of given 
dimensions, and fixing? frequency and voltages, to work out the 
windings to give a definite flux-density (say g =*50()U) in the 

iron ; and take tlio sections of the two windingcs as large as is 
structurally ]>< )ssible. This leaves the currents undetermined, and 
leaves tlu^ rating of the fidl-load output to be determined either 
by tho limit of permissible temperature-rise (to be found by ex- 
periment, or by calculation from losses and surface) or by the 
voltage drop, or approximately by the current density permissible, 
or by the limit of efficiency. Sk)mo makers rate their trans- 
formers above the output at which the rise of temperature will be 
within safe limits. The final degree to which after some hours' 
full working tlie temperature rises depends on tho total losses in 
iron and copj)er, on the available surface for radiating this heat, 
and on the facilities for cooling, such for example as thecircula- 
lon of oil in the outer case. A usual figure of allowance of 

' Tlie Electrician^ xxvi. p. 4T7 et seq. 
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cooling Burface ia 40 sq. cenlimetres pea watt of loss. At this 
allowance the temperature rise will be about 50° C. above the 
eurrounding atmoephere if there is no oil cooling, or about 40 
degrees with oil in the case. And, within the limits of 15 to 65 
sq. centimetres per watt, the temperature rise will vary roughly 
inversely with the available surface. E. Thomson has suggested 
the use of perforated secondary conductors to allow of greater 
cooling surface- The newest Westinghouse transformers have 
the projecting ends of the sandwiched coils bent away from one 
another for better ventilation. A forced circulation of oQ has 
been suggested. 

If a transformer designed to work at a certain voltage at a 
given frequency is used for the same voltage at a lower frequency 
the efficiency will be less : for, from the fundamental formula on 
p. 096, it is clearthatthecycles of magnetization of the iron core 
must go to a higher maxima of flux density, causing dispropor- 
tionate losses. If a transformer designed for a 2000-volt circuit 
at 100 periods is used on a system at 50 periods it ought to be 
rated at lower voltage, say na a 1000-volt transformer, or etae re- 
wound. On the other hand, raising tlie frequency lowers the 
flux-density (for the same voltage) and therefore raises the effi- 
ciency. If the flux-density is unaltered, the loss per cycle will 
also be unchanged, and the loss per second will be proportional 
to the number of cycles per second. Other things being equal it 
may be taken that for a given copper loss (and therefore for given 
current) the output is proportional to the voltage, and therefore 
for a proportional iron loss, is proportional to the frequency. 
Hence for a given total loss the output of a given transformer is 
proportional tfl the frequency. In other words, high frequency 
means a saving of weight and cost, smaller transformers being 
than with low-frequency of supply. 






Constant-current Alternatino Transformers. 



Transformers arranged so that the two self-inductions of the 
two coils are high compared with the mutual induction between 
them have been designed by Elihu Thomson and by Stanley for 
the purpose of yielding alternating currents of a constant num- 
ber of virtual amperes. Forms with much magnetic leakage 
answer this purpose. Swinburne ' has pointed out that a hedge- 
hog transformer will answer in this way if the primary and sec- 
ondary coils are wound on opposite ends instead of being wound 
' Ptoc. Roy. Sot., February, IBSI. 
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does together. An ordinary transformer can be adapted to Buch 
eervice if a choking-ooil is introduced into the primary circuit. 
The use of cons tan t^urrent apparatus is for feeding arc and 
glow lamps in series. 

Acto-Trasbpohmers. 

The auto -transformer (or " one coil " transformer) merely cou- 
iimd on an iron core, and conneclt^d 
across the mains. To some point in it, at a greater or less dis- 
tance from one end, according to the voUage required, a branch 
wire is attached and current is drawn off between this branch 
one end. In Fig. SOS the endsp/) are attached to the pri- 
mary mains, while s s act as the secondary 
terminals, giving out a lower voltage, and 
acting as a pressure- reducer. It will be 
seen that a greater current can be drawn 
off in ihia way than is actually supplied 
by the uiaius, as the portion of coil that is 
common to the circuit acts as tbe second- 
ary of a transformer. Less copper is re- 
quired than if there were two separate 
coils. If the connections were made the 
other way, so that the lesser number of 
coils were connected to the mains, the 
voltage at the outer terminals would be 
raised ; the arrangement then serving aB 
an augtnentator of pressure. 

For distribution by the 3-wire system the secondaries of trans- 
formers are often wound to 200 volts, with a middle terminal 
half-way along the coil for the third wire of the network. For 
■working three arc lamps in series at 33 volts each, from 100-volt 
ma i ns , an auto- transformer is used having intermediate ter- 
minals, so that each hmip is a shunt to one-third of the coiL ^^ 
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For the special forms of transformers used for 2-phase anfl 
S-phase currents ; and for transforming 2-phase to 3-phase 
currents, or vice ivrad, the reader is referred to the author's 
treatise on Polyphase Elect ric Currents. 




Theory of Ai.tebxate-cubbest TRANSPORiTEBS. 

There are two ways of treating the theory of transfomiera. In 
the first, which lends itself the more easily to simple treatment, 
and has already been used on p. 699, the fundamental considera- 
tion 13 the alternating magnetic flux in the core, which induces 
electromotive- forces in the two windings, and is itself due to the 
resultant of the two sets of ampere-turns in the coils. Thia 
method has been elaborated by Hopkinson.' In the second the 
calculations are effected by introducing the notion of coeEQcients 
of mutual and self- induction into the differential equations for 
the two circuits. The latter method, due to Maxwell," consists 
in finding the electro motive- force induced in the second circuit 
by the variations of current impressed on the first circuit. 

First let us consider the coefficients of mutual and self-induc- 
tion. In order to calculate the mutual action of the two circuits 
we want to know the amount of cutting of magnetic lines by the 
aecondary coils that takes place when unit current is made to 
flow, or is stopped in the primary coils. Let M be used as a sym- 
bol for this quantity. It will be proportional to the number of 
turns in the secondary coil, because each turn encircles the iron 
core and cuts the magnetic lines ; it will also be proportional to 
the number of turns in the primary coil, because, cateris pariims, 
the magnetism evoked in the iron core is proportional to the 
ampere turns that excite it ; it will also be proportional at every 
stage to the permeability of the iron core. We may, in fact, 
calculate M by the magnetic principles laid down in Chapter VI. 
Suppose the iron core to form a closed circuit of length I. section 
A, permeability f ; and that Si and Sj are the respective numbers 
of turns in primary and secondary. Then, if the primary cui-- 
rent is unity (in absolute C'.G.S. units), the magnetomotive-force 
due to it will be 4 t S„ and the reluctance will he I / A/i. Divid- 
ing the former by the latter, we shall liave an expression for tha 
number of lines iji the core ; this multiplied by 8* gives the 
amount of cutting of lines by the secondary circuit ; or ineym- 



M = 



i^S,S,A,j.fl. 



• Proc. Boy. Boc, February, 1887. 

' Philoaophieal Trawactiona, civ. pi. 1. p. 459, ISflJ. In tills paper Max- 
well tliDWB that the effect of the second eireult is to add to the apparent 
reslslanee and diminish theapparentself-iniliiction of the first circuit. Tha 
Btnilenl will And the equations more fully ireateil by Mascart and Joubert, 
^UctrieiU fl Magnititme. i. 583 and if. V&i ; alao by HopkinBun, Jutimal 
Soe, Teteg. Enginfers, sill. 511, 1864 ; Ferraris, Mem. Acad. ,S<rF. (Turin), 
ssxvii. IS8r> ; and by Vascby, Annale» TdeyrupMquea, 18S5-6. or Tliforle 
den Stnehitieg Magneto el Df/niimoSleclriquea, p. 31. A simiinary of 
Maxwell's work is given in Fleming's book. 
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The name given to Uiis quantity is the coefficient of mvtvaJ in- 
diu'HoH, If the current in the primary have the vaJue C, (abeiy 
Iut4> C.Q.5. units), then the amount of cutting by the secondary 
on turning this current on or off will be M C,. And if the rate 
of increase or decrease of the priuiary current at any instant is 
known, this multiplied by U will give the electromotive- force 
impressed at that instant on the secondary circuit. 

Considerations precisely analogous Ut those above will show 
that there will be a coefficient of aetf -induction, which we will 
call L|, which represents the amount of cutting, by the primafT,- 
coil, of the magnetic lines created in the coil when the primarj- 
coil carries unit current ; and, as before, the value of this coeffi- 
cient will be 

L, — 4 !r s; A /. / /. 

Aa 8, is itself usually large, 1., will be enormous. Further, 
there will be a coefficient of self-induction L« in the secondary 
circuit, such that 

L. = 4 IT SJ A /£ / /. ^_ 

In a wcli-buiit transformer it is clear that ^^^| 

If, however, all the magnetic lines due to one circuit are not 
enclosed by the other, M will have a less value than is indicate 
by the above relation. (See a recent paper by Dr. Bedell read 
at the Chicago Congress. 1893.) 

The ratio between the two electromotive-forces and the two 
sets of windings, 

we will call the coefficient of transformation. 

If it is assumed that there are equal weights of copper used in 
the primary and secondary coils, then the following relations will 
hold good : — 





Prim«T. 


Sccondwy. 


Ratio. 


WindingB 

Self-induction 

ElectroQiotive-force . . . . 


Si 

L, 
E, 


9. 

E, 


k 
fc' 

k 
fc' 

1 


Hea^waBte 



Transformers. 721 

Also M=^ = LA,. 

k 

MaxwSlTs Theory, — At any given instant the impressed electro- 
motive-force in the primary circuit must he sufficient not only to 
drive the current Cj through the resistance R^ of that circuit, hut 
must also he adequate to counterhalance the reactions arising 
from mutual and self-induction. These at that instant will have 

the respective values M . ' and L -_ *. 
^ dt dt 

Accordingly we write as the differential equation of the first 

E,_M^1_L,^_R,C, = 0; (1) 

circuit—where Ej is the impressed electromotive-force of the 
generator which is supposed to fulfil the condition E| = D sin 2 ^ 
n t (see p. 549). If the supposition is admitted that a constant 
(alternating) potential can he maintained at the terminals of the 
primary coil (by proper compounding of the alternator, or other- 
wise), then the letters E, L, and Rj, may be taken to apply to that 
part of the primary circuit only which lies between the terminals 
of the primary coil. From this differental equation we have to 

d C 
deduce a value for M -—-*. For brevity we wiU write p f or 2 ^r n ; 

d t 
and— p * C for ^---|, because C is also assumed to be a sine-func- 
tion. Then differentiating equation (1) we get— 

^^^1 + M jt>2 C, + Li jo« Ci — Ri ^^y = 0. (2) 

Now multiply this by Ri to get equation (3), and multiply equa- 
tion (1) by LiP* to get equation (4) ; and add (3) and (4) to get (5). 

R,^i + M/>»R,C, + L,/>«RiCi-~R,*^^ = 0. (3) 

at at 

L,j9«E.-L,/>' M ^•- VP* ~^> -L>/>'Ri C. =0. (4) 

(r,« + L.y) ^' = R.^'+ L. jt)* E, + Mp* ( R.C^L.^') . (5) 
46 
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Now multiply every termby ■ ^ ^ , and write the following 

rv| "t* J-*i p 

abbreviations : — 

Mjt> 1 



Li/A» = A, 

Then 

where ^ relates to the phase of the electromotive-force ; and we 
may write equation (5) as — 

M§'=,C-;^.-E. (6) 

Now the differential for the second circuit is — 

M''^J+I^''^» + R,C,= 0; (7) 

at a t 

there being in this circuit no other electromotive-forces than 
those duo to mutual and self-induction. Inserting in (7) the vahie 
obtained in (0), we get as the final equation — 

(R, 4- r) C^ 4- (L, - /) ^^ - E, = 0. (8) 

Examination of tlie quantity k shows us that if Rj be small enough 

T 2 

orp large enough, it becomes equal to_L; or is the same thing 

as the ratio of the windings for which we have used the same 
symbol. Then returning to interpret equation (8) we see that it 
shows us that the whole effect is equivalent to that which would 
happen if, the primary circuit being absent, there were introduced 
into the secondary circuit an electromotive- force jequal to E^ 
divided by k, and at the same time the resistance were increased 
by a quantity equal to Ri' Ar^, and the self-induction were dimi- 
nished by a quantity equal to T^i ■ Ar*. If there are equal weights 
of copper in the two windings Lg — Lj A:^, and R, — Rj Jfca ; and 
the effect when the transformer is fully at work is to make p equal 
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to the internal resistance of the secondary, and X equal to I^ so 
that the internal resistance is virtually doubled and the self-in- 
duction wiped out. 

Professor Perry has contributed several important papers ^ on 
the theory of transformers, in which he has treated leakage and 
multiple secondaries mathematically. 

1 FhiX. Mag.^ August, 1891 ; and Proc. Roy, 80c. 11. p. 455, May, 1892. 
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CHAPTER XXVII. 



MOTOa-GENEEATORS. 



Motor-generators are revolving transformers for affectr 
ing triiiisforniatioris which cannot be effected by statioirary 
apparatus. They are of two aorttj: (1) for tranafomiinf; a 
continuous current at any voltage into a continuous emreut 
at any other voluige ; (2) for ti'ansforraing continuous current* 
into alternating currents (single-phase or polyphase) or yiVr 
vtTsd. In every case the apparatus consists essentially of a 
combination of a motor with u genemtor. 



CONTINrOUS-CURHKST TEANSFORMERS. 



Wll 

[ 



Oramme, in 1874, constructed a machine with a ring-armal 
wound with two circuita — one of coarse wire, the other with Bue 
wire, having eight times as many turns. Two separate com- 
mutators were connected with the two windings. This machine 
could be used for trmisforming either from high to low potential 
or vice versd. The same end can be le.'is conveniently attained by 
uniting on one shaft the armatures of two dynamos, one to be 
used as a motor driving, the other as a generator ; and these may 
have separate fleld-magnete or a common field-magnet. There 
is very little sparking with such machines, as the reactions in the 
two sets of coils tend to correct each other The field-maguet is 
usually excited aa a shunt to the low-potential armature coil. 
Swinburne has discussed many possible combinations, including 
one for transforming from a constant -current to a constant-po- 
tential condition of distrihution. The chief use hitherto for con- 
tinuous-current transformers has been for transmission of current 
at high voltage, so as to economize copper in the feeding mains. 
In England, continuous-current transformers have been introduced 
with success by various firms. Messrs. Laurence, Paris and 

!Ott ' employ a 2-poIe machine with cast-iron frame and an 



itui^^' 



See Electrician, x\i. 517, October 1BS7 ; and Eleclricial 



I Beeiew, >)^^^| 



1 
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irmature wound with double circuits. In the Chelsea t-entral ^H 
tation a number of motor-dynamoB are used. They have been ^^| 
described in detail by Major-General Webber.' and include several ^H 
ypes, some being by Laurence andScott, others of Elwell-Parker ^^^k 
ciinstruction. In the city of Oxford continuous currents generated ^H 
at 1000 volts are transmitted to motor dynamos at several points ^^| 
of the city where they feed the network at 100 volts. ^H 
The following are particulars of an Elwell-Parker bipolar con- ^^| 
inuous-current transformer, with drum wound armature but ^H 
laving a commutator at each end. ^^| 




— 


PrlmatT. 






Volts 

Amperes 

R^istanCB of acmature winding 

(ohms) . . 

Coniluctore around armature . . 


1000 

40 • 

0-437 
648 
163 


110 
860 

00052 
73 
36 


Speed 500 revolutions per minute. 

Armature core : diameter of disks ISA ■"- • nettcroes section of iron 

326 sq. in. 
Efficiency of double transformation : at full load 83 per cent. ; at 

half load 75 per cent. 


1 


Fig. 506 shows a small continuous-current transformer con- 
structed by the Crocker- Wheeler Co. for the niithor, for testing 
)urpo8es. It transforms a current of 10 amperes at 100 volts to 
one of 1 ampere at 1000 volts. Mr. T. Parker winds motor- 
dynamos with Eickemeyer coils, ttie high-pressure windings 
teing completed and connected up first. Then the whole surface 
8 insulated afresh, and the low-pressure windings are laid on in 
outer layers. 

duction of large currents at very low voltage, as for electro- 
typing and for meter testing.* 

A third service for which motor-dynamos are employed is to 
ctanpensate the di-op m voltage on long imiina by msertmg into 

placed as a shunt across the mains. Lahmeyer' calls this device 

I Jauriutl InsK Electrical Engineerii. xx. 03 to 60, 1891. glvlnR drawing* 
anddaui of Ihree niiKhines. 'See The Bnffiiteer, Aug. II. 18113. 
» Centratblatt/Ur Elektrolecbnik, xl. 402, 1889. 
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a "far-leading" dynamo (Femleitungs-djTiamo). Ameri 
electricians term it a " booster." Sayers has described such i 
chines fitted with his compensating winding (p. 395). (See I 
triciati, xxxi. 677), 

A fourth appiicntion is for charging accumulators at a higher ' 
Toltage than that of the generator, ao that the lamps niny be 
run either direct or from the cells, 

A fifth use is for 3-wire and 6-wire systems of distribution, a 
mber of armatures or windings on the same shaft being cou. 

acted across the various pairs of mains. If at any pair of . 




mains the potential drops, this armature vill begin to feed this 
pair, being driven by the other armatures as motors. Such a 
device is called an " equalizing " dynamo (Ausgleichungs-dyniuiuva 
The following are pari^iculars of transformers or " e<iuftlizera,3r 
as they may be properly called, recently constructed by Mee 
Mather and Piatt for the 5-wire supply in Manchester. The n 
chines have drum -armatures with the bar winding described oi 
p. 300, with shunt-wound magnets of " Edison-Hopkinson " tj-pi 



^^M Withai 



irinding . . .01 
e side of 126 amperes at 1 
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output on the generator side was 112 amperes at 100'4 volta. 
Hence the efficiency of double conversion, including all frictional 
and mechanical as well as electrical losses, is 83'5 percent,; or 
looked at from the point of view of the purpose for which the 
machines are specially intended, if there is a difference of 3'0 
volts between the two sides of a 3-wire system, they will transfer 
112 amperes from the higher to the lower side. The journals of 
these machines run on hall bearings. 

A somewhat different systemof continuous-current transforma- 
tion has been suggested by Cabanellas,' and patented by Edison," 
in which neither armature nor field-magnet revolves, but in 
which, by means of a revolving commutator, the magnetic polar- 
ity of a double-wound armature is continually caused to rotate. 
In a furthsr modification of this idea, due to Jehl and Rupp, a 
mass of iron, which completes the magnetic circuit, rotates 
within the double-wound ring.' 

Spark troubles, however, afflict all merely commutating ma- 
chines. 

For further notices of the methods of continuous-current trans- 
formation, the reader is referred to articles by Elibu Tliomson. in- 
Electriml World, x. 108. 18S7 ; by R. P. Sellon, in ElectrUfian, 
3CX. 633, 1888 ; and by Rechniewski, in La Lumiere Electriqtie, 
XXV, 416. 1887 ; and see Electrician, xxxi. 677. 

Theoky of Continuous- current Transformers. 

Let S be the potentials at terminals of the primary or motor 
part, and e that at terminals of the secondary or generator 
part. Let the Ci, r,, and Z, stand respectively for the armature 
current, armature resistance, and number of armature conduc- 
tors of the primary part ; and Ci, r,, and Zt for the correspond- 
ing quantities of the secondary part, Then the two induced 
electromotive-forces will be— 

E, = ;»Z, N, andE, = nZ, |S|; and 
K, = S — nC.. and E, = c 4. r.C^ 



Now write k for Z, - 
we have — 



ke^^ 



oe^icient of tranafoniuition}, and 

r, C. — A r, C,. 



■ See La Nature, p. 43, 188J. 

' Specification of Patent. 3Wfl of 1882 ; and £'(fr(rtcfan, xbt. 470,1687. 

' See Electrician, xls. 514, 1887 ; ix. 7, 1887 ; andSpeciScatioDof Patent, 

ainoot 1867. 



728 Dynamo-Eleciric Mack\ 

But the electric work done on and by the nrmature i 
aflsiimJnR loss by eddy-currents and hyeteresia to be negli^ble, 

[ Bi Oi = E, Ct ; whence C, = fc Ci, so that the last equation be- 

I tMuies — 



l-k'^'i)'^ 



This shows that everything goes on in the secondary circuit as 
though the potentials were reduced from that of the primary 
mains in proportion to the respective numbers of windings on the 
armature ; and as though there were added to the internal resist- 
ance of the secondary circuit a resistance equal to that of the pri- 
mary winding divided by the square of the coefficient of trans- 
formation. Tiie ratio of transformation is independent of the 
speed and of the magnetism, though these two quantities depend 
inversely on one another, If the dynamo (or secondary) part is 
compound wound the speed may be very nearly constant at all 
loads ; but there is little advantage in this, as the npeed always 
adjusts itself to what is wanted. If the distant generator sup- 
plying the system is properly over- com pounded it will keep tlie 
voltage at the lamps constant, though the transformer is inter 
posed. The objections to the use as transformers of running 
machines are almost entirely met by the considerations that these 
machines run sparklessly (owing to the balancing of the self- 
inductions of the two windings), and with very little friction at 
the bearings, because the driving and driven parts are both con- 
tained in the one rotating part. The brushes once set need not 
be moved at any load. 

CoNTINUOna- ALTERNATING TbANSFOKMERS. 

To change an alt«rnftting cun-eiit to a continuous one, or 
Wee ver»d, there is required a combination of an alternator anH 
a continuous-current machine, serving one as genei-ator, the 
oUier as motor. This may consist of two separate machines 
coupled together, as shown in Fig. 508, wliich represents an 
alternator combined with an internal-pole continuous-current 
dynamo, both of Siemens' pattern, to ti-ansform from 2000 
volts alternating to 150 volta continuous, for chai'ging 
accumulators, &c. The town of Cassel is supplied with 
cont.innnus currents tran.smitted as alternate currents at 
high voltage and transformed <lown by a Kapp alteniiiior 
(as motor) driving two dynamos. At Budar-Pesth the trans- 




mission is 2-pIiase, willi coupled plant at sub-statioiia to give 
out continuous currents. 

But it is not iieceasiiry foi' this purpose to couple two 
separate niacliinea. A single winding revolving in a bipolar 
field. Fig. 507, joined up not only to two slip-rings, but also to 
a commutator, will work either as motor or generator for either 
alternating or continuous curreutB,and therefore can give out 
either kind when driven by the otlier.i In practice, a more 
complex armature with a many-part commutator ia used. 
For example, an ordinary Gramme ring is used wilh ihe 
addition of two slii>-ring3 which are conducted to two points 
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180° apart. Such a machine has been in use at the Technical 
College, Finsburj', since 1885, when the rings were added by 
Dr. Walmsley. It wilt serve as a transformer eitherway, or, 
if driven bypower,will furnish eitherkind of current, or botli 
Jit once. In 1887. the Helios Co., and in 1889, Mr. Bnidk-y 
and Mr. Tesla patented similar devices. For producing 
3-pliase currents from continuous currents, three slip-rings 
must be connected on at three symmetrical points. For 
S-phase currents four slip-rings are connected at points 90° 
apart. In a recent apparatus of Hutin and Leblanc ' there ia 

' H. RoBpital let proposes to call macblneg of this class polymoriMc djaii- 
raos. See Soc. Franctilae ile Physique, 1894. p, 204. 
> See Ml illustnited article in L' ^IfctriHen ot April 21, 18!M. 
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employed s kv of eighteen slip-rings coiiuected at as msi 
sytumetncal points, Kiid giving rise to eighteen alteiTi; 
ciirreotSt e«cb differing in phase by 20° fiom its next d 
bor. 




currents into continuous, were it not for the practical diflioul- 
ties arising about sparking. The use of the (ield-niagni't '\a 
to balance the electromotive- Forces in the different parts of 
the windings, as well as to maintain the proper rotation. 



PoUak, of Frankfort, and Ferranti have both sueceasfullj used 
rectifying commutatora, the f oi-mer for charging accumulators, 
the latter for arc lighting. 

At the Frankfort Exhibition of 1891 many revolving trans- 
formere were shown. The iiims of Lahmeyer and Schuckert, 
in particular, displayed many very intei-esting forms of poly- 
phase apparatus, in which thia feature was prominent. 

Messrs. Schuckert and Co. showed a six-pole ring-wound 
machine, capable of transfoiming from a continuous current 
or single-phase, 2-phase, or S-phaae currents to euri-ents 
of any or all of the other three kinds. It consists of an 
ordinai-y riug armature with a 144-part commutator, whose 
windings in front of the different pairs of poles are cross- 
connected in parallel (Mordey's well-known method). As 
there are 144 sections in the winding, and six poles, the ' 
number of sections that lie between any pole and the next 
pole of the same sign will be 48. From Nos, 1, 17 and 33, 
that is to say, at points equally spaced out at distances of 
one-tbird of the extent of the winding between any pole and 
the next pole of the same sign, ai-e attached tlu'ee wires 
which are brought down to three slip-rings from which 
brushes supply 3-phase currents. To fourpoints also equally 
spaced along the same section of the winding (namely, Nos. 1 
18, 25 and 37), are attached four wires, which going to four 
other slip-rings, supply both single and 2-phase currents. 

An 8-pole revolving transformer on a similar principle, 
but having a wave-wound drum armature, was shown at 
Frankfort by the Allgenieine Company. It could receive 
continuous current at about 100 volts, and transform this into 
3-phase currents at about 70 volts. This transformer is now 
in the laboratory of the Technical College, Finsbuiy. 

The most important motor-dynamos yet made are those 
constructed at Schenectady for the Niagara works,^ 

They are 20-polfl multipolar drum machines, having the 
ordinary commutator, but also havingfourslip-ringsadded.at 
the hack of the armature. They receive the 2-phase current 
already transformed down to 115 volts and deliver 3000 
amperes at 150 volts for the purpose of aluminium reduction. 
1 See Casiier't Magazine, 1895, p. 331. 
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ELXCTBIC TRASSVISSIOX OF EXEBOT. 



In all problems reUting to the electric transmksion of power, 
wfaetfaer ot«r sbott or long distances, it is vital to remember 
th»t Uie two factors to be considered are tbe current and the 
fn$» m r f (or toIu^) at which it is tnuismitt^d. In the 
ordioar;' distribution of electric energy from central stations 
in cities, vrhethcr with direct or alternating currents, it is 
osoal toobsenre the eoaiitioaotmtutaitt pressure, the current 
being varied in proportion to the demand. But for sertea 
Ugbting. it is possible to obeen'e the other condition of main- 
taining a eotutant mrmtt, the pressure being varied in pro- 
portion to tlte number of lamps in the circuit. It is well to 
bear tliis distinction in mind in the problem of transmission to 
Bdi:stance^, although in fact poirer may be electrically supplied 
without confonuing to either of these prescribed conditions of 
mi{^y. We have seen, p. 492, how it came to be recognized 
that the secret of snccees in long-distance tranamisslon layin 
the use of high roliages, as this permitted the use of small 
currents, and therefore of thin conducting wires. We may 
with advantage recapitulate the problem of economy of trans- 



It is required first to determine the relation between the 
pressure at which the current is supplied to the motor, and 
the heat-waste in the circuit. 

Let - R stand for the sum of all the resistances in the 
) <urcutt; then, by Joule's law, the heat-waste is (in " 
&—E , 



C« ^ R. And since C = 



'., we may write : 



heat-waste = 




lectru Transmission of 
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Now suppose that without changing the resistance of the 
cii'Guit we can increase S to @, and abo increase E to E, wlule 
keeping S — E the same as S — E, so that tlie current will be 
tlie same : it is clear that the heat loss will he precisely the 
same as before, while more energy it* transmitted. The 
efficiency la greater, for 



power of motor 
power of generator 



CE 



and this ratio is more nearly equal to unity than -- , because 

both §> and E have received an increraentarithmetically equal. 
As an exiiniple, suppose S to he 100 volts and E 90 volts, and 
the sum of the resistances to be 1 olim. Then C will be 10 
amperes. The power supplied will be 1000 watts ; that 
utilized will be 900 watte ; the beat^waste is 100 watts ; and 
the electrical efficiency 90 pev cent. Now suppose the voltages 
increased so that i is 1000 volts, and ^ 990 volts. The 
current will still be 10 amperes. The power supplied vrill be 
10,000 watts, of which 9900 will be utilized and 100 wasted in 
heat. We have 10 times as much power transmitted, mth the 
same heat-waste as before, and the efficiency has risen to 99 
jier cent. Clearly, then, it is an economy to work at high 
voltage. 

High voltage can be attained in several ways : by winding 
armatures with many turns of fine wire, by using higher sjweda 
and by putting several machines in series. In the case of 
alternate currents there is the additional resource of using 
8t«p-up transformers (see p. 738 and p. 741), 

The advantage derived in the case of the electric tranfimts- 
sion of energy from the employment of very high electro- 
motive-forces in the two machines is also deducehle from the 
diagram. 

Let Fig. 328 given on p. 499, be taken as representing 
the- case where © is 100 volts and E 80 volts. Now suppose 
the resistances of the circuit to remain the same while @ is 
increased to 200 volts and E to 180 volts. S — E is still 
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fSO volts, and the current will be tlie same as before. Fig. 
represents this state of things. The square K G H D w 
represents tlie heat-waste is the sauie size as before ; but tlie 
energy spent per second is twice as great, and the useful work 
[_ done is more than twice as great as pi'eviously. 

We may look at the matter fi'om a different point of 

rPower being made up of the two factors E and C, if ij 

required to transmit a eeilain prescribed number of watts we 

will by preference make E high and C low, for it is the flow 

of the current through the resistances of the circuit tbat causes 

the lo33, while the only 

disadvantage of a high 
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electi-omotive-force i 
difficulty in preserving 
the insulation. The 
electromotive-force will 
therefore be made as 
high as it can be matle 
consistently with safety. 
If we double the pres- 
sure, thereby reducing 
the current to one-half, 
we reduce the loss to 
one-quarter, as the loss 
is proportional to the 
squai-e of the current. 
In an experiment, M. Fontaine,^ by using several Gramme 
) machines coupled in series at each end of aline, the resistance 
I of which was 100 ohms, succeeded in transmitting 50 botse- 
I power with a mechanical efficiency of 52 per cent. This 
( experiment realized the suggestion made in 1879 by Elihu 
* Thomson for tlie economic use of several machines in series. 
' Seven machines were used, of similar construction, of the 
" over " type, each weighing 1200 kilogrammes, and of about 
16 kilowatts capacity. Four were united in series at the gen- 
erating end, and driven at 1298 revolutions per minute by » 



ii: 



' V Eieelrieitn, x. 707, 18HIL 



A 



Electric Transmission of Energy. 735 

steam engine indicating 113 H.P. Brake tests at the generat- 
ing end showed the actual H.P. to be 95*88. The other three 
machines were used as motoi-s, their power being measured 
by a brake. They gave out 49-98 H.P. at 1120 revolutions 
per minute. The current was 9*34 amperes. The result is 
that there was a nett eflBciency of 62 pei* cent. The re- 
sistance of the machines was about \\\ ohms each. The 
voltage at the generating end of the line was 6996 volts ; 
that at the receiving end was 6062 volts. 

Efficiency of Transmission. — It can readily be shown that 
with two series dynamos, the electrical eflBciency of trans- 
mission, when there is no leakage, is the ratio of the electro- 
motive-forces developed in the armatures of the two machines. 
To do this we will consider separately the eflficiencies of the 
three parts of the system. Writing E^ for the electromotive- 
force developed in the generator, E, for that of the motor, r, 
and r, for their respective internal resistances, we shall then 
have 

EflBciency of generator , . 7}^= ^ ^ — ; 

El C 

Efficiency of line .. ..„=^ig±r'g; 

EflBciency of motor . . . . 1^3 = ' _ ; 

EjC + TiC 

Hence the resulting eflBciency of the whole system will be 

If the machines are shunt-wound or compound-wound, or 
if there is leakage on the line, the currents through the 
armatures will no longer be alike in the two machines. 
Writing the respective armature currents as t\ and f „ we shall 
have in this case, as the electrical eflBciency of transmission, 

EiCi 
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a b> • awdMBte distance bj- ron- 
I at Schaffhsusen erected 
tfttKOHttaKWaiteaCSnehwhcn SOO actual bors«-pon'er 
■IB ill Itii mill to As ^■— »i^ nflta dteetncallj'. witb a nctt effi- 
SBevof ApiP<BiB& bwB BBrbam in the river 750 yards anray. 
^■•wpeaaiMMKtlf-pBlesvvr^uiiipoaiideddytianiosiIfsigned by C. 
K. L. Bui w m taniK <■■>' *** f"* ^^"^ 3** amp^re^ at 624 volls. 
T!u BotMS. wbklk ate oC the aaine tJT^- >re oonstructed with 
bktaaoH^ «Urh m* raiotiTvlT mwc powerful tiiau those of 
UtBtfammaaot, aad ran wrthwrt t ar y iii g ipore than 3 per cent, in 
«piHl b rtw i j^ M B»-fcwil aad fiiU load. The commutators arc 

Kpo«ir to mill* and to a coi- 
tat K^kHg 1*-*^ — aft fTiiana water power derired frcan a 
liaaiii j iif IfciFii ■ iiiBiiiiliii l for tnmBiniaa in sevenl Bta- 
tina OK kha MDvMiM liiB a* a diataace c< IC inileB from Oenoa. 
boaa of ftwwr atotioaa One ai* ei^ Thnry oontinaoaB-oumnt 
■MknaBoC»SLP.aKh,eaiqiladiBpaintol40 H.P. turtHDM. 
bA MirfcMB jiridk 47 aHpMca tf lOOO ▼otta. They are B^ 
aratrij insulated oo parcriain and coapled in serieB bo that the 
power is transmitted at a total pressure of 8000 volta. The con- 
ductor is of bare copper carried on oil insulators. 

When a verj- high electromotive-force is required for the 
purpose of CrattsunttiDg power, it is found convenient to use 
alternating currents (p. 547) for the two following main 
reasons. 

(1) Alternate-current generators require no commutator, 
and therefore the current can be generated by one machine at 
the full pressure required. 

(2) Alternate currents can be tmnsforraed from one pres- 
^ sure to another by means of a simple transformer without 

moving parts. 

The objections to alternate currents for this purpose 
are : — 

(1) As the ma ximum pressure with alternate currents is 

1-41 times the v^meiiu* pressure, an alternate current of a 

certain value will not transmit as much power along a line as 

' EUk. ZtilKh. 1892. xiil. 216 ; Joum. In«t. Elec. Bng., 1892. xxi. 69*. 
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a continuous current of equifaleut value whose pressure is 
equal to the maximum pres^iure of the alternate current. 

(2) There may be a loss of 'power in tlie line due to the' 
wattless current (p. 567). 

(3) There is a certain amount of loss of presmre in the 
line due to self-induction apart from the resistance of tlie 
line (p. 559). 

(4) There in a slight increase in the resistance of the mains 
due to skin effect if the frequency is high or the currents 
large (p. 578). 

(5) Until recently alternate currents for transmitting power 
weiB open to the objection that alternate-current motoi's were 
not self-starting. This objection is removed by the introduc- 
tion of self-starting monophase motore of high efficiency (p. 
687), and by the employment of polyphase currents (p. 662). 

Tlie two advantages of alternate currents mentioned above 
ao much outweigh the objections, that in tite majority of cases 
of long-distance transmission in all parts of the world 
alternate currents are used. 

In the largest scheme for the distribution of power ever 
, underbtken, namely, from the Niagara Falls, alternate currents 
in two phases are used. The 5000 H.P, dynamos for 
generating the current are described on p. 638. They are 
three in number and yield 1550 amperes each (775 amperes 
in each circuit) at 2250 volts. The power is intended for dis- 
tribution to factories in the immediate vicinity, and also for 
transmission to considenible distances. Continuous currents 
for aluminium smelting are obtained by means of rotating 
transformers. For distribution to great distances the pressure 
is raised by tmnsformers to 20,000 volts. The water power 
available is about 100,000 H.P., and this will he utilized from 
time to time as the demand increases. It is probable that 
some of the future dynamos will generate the current for 
distant transmission at the full pressure without the interven- 
tion of step-up transformers. A subway canies tlie main 
conductors for a distance of 2-500 feet, the conductois consist- 
ing of bare copper strip carried on oil insulatore. From this 
subway branches are taken to neighboring factories. 
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An instance of transmission of power at high pre 
which lias been in existence for over tln-ee years ia at Hocfc- 
felden, Switzerland, carried out by tlio Oerlikon Co. Fig. .111 
gives » view of the station eliowing the three generators, which 
.were designed by Mr, C. E. L. Broivn, in 1890, They are 
'9-phase machines, each of 200 horse-jiower, running at 180 
revolutions per minute. Excepting in having the verlict 
shafta directly above the tmbines by which they are drim 
they closely resemble the Lauffen generators. They ( 
86 volts pressure between the terminals. To raise the voltji 
each is connect«d to a 3-phase transformer immersed in oil, 
one of these trsnsfovmei's being visible on the right hand 
of the cut. The pressure is raised to 13,000 volts, at whii 
pressure the currents are conveyed by three wires, « 
4 inni. in diameter, to the Oerlikon Works (a distance i 
24 kilometres, or about loi miles), where by means of step^ 
down transformera of similar construction the pressure is 
lowered to 190 volts, and tbe currents are distributed f«f 
lighting and power at this pressure. 

Graphic Rejtresentation of Transmission, — A convenient n 
of representing graphically the relative amounts of energy f 
pended iit the transmitting end and utilized at the receiving ea 
Ib the following, which is due to von Hefner Alteaeck : — 

Let (Fig, S12) the perpendicular lines A E, and B £, represent 
respectively the electromotive'forces at the trauemittin^ and re- 
ceiving machines ; and let the horizontal lengths A Lj, L, I^, nnd 
L, B represent respectively the resistances of the machine at A, 
the line (including return wirei, and of the machine at B. Join 
E, E, : the tangent of slope (E, F -H F Et) of this line will repre- 
sent the current flowing. From AandfromBdropperpeudicuIars 
upon this sloping line, and produce them to the points W, i ~ 
Wi, level with E, and E,. The length of the lines E, Wj and, 
W. will represent relatively the energy transmitted and receiw 
For, by the construction each is proportional to the respc 
elwti-omotive- force and to the slope of E, E|. The energy 1< 
heat may, on the same scale, be represented by the length of H 
line E, H.' 
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For a further geometrical discussion of the problem of electric ti 
wf vower, see a p&per hy Iteignier, in La. Lwm(^e ^lectrique, 3 
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Economy of Transmission.— Asa]rea»iy shown, the ccoDomyof 
transmisstoQ depends on the voltage at which the power is tmna- 
mttted, and on the resistance of the line. The question then 
arises at what amount ought tlie latter to t>e tised to make tha 
economy a maximum- If one saves heat-waste by putting up a 
thick copper wire for the line, the interest on the prime cost of 
the line may more than balance the saving in power. An answer 
was given in 18S1. by Lord Kelvin, to one form of the problem, 
in which it isaaeumed (1) that the voltage is fixed, (2) that the 
power to be transmilted is a fixed amount. If these nro the ron- 
ditiouR, then the total annual cost of tlie power wasted in the re- 
e of the line and of the interest on the copper (including 
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insulation and erection) will be a minimum when tliese two 
annual items of cost are equal to one another. Much confusion 
has arisenfrom the ignorant application of Thomson's law toother 
oises than those for which it is true. la 1886, Professor Ayrton 
and Perry' considered some other cases, and have arrived at 
several important conclusions. If a given amount of power haB 
to be furnished by a motor at one end of a line, using a givea 
voltage at the generator at the other end, maximum economy is 
obtained, not by keeping the current- density constant, hut by- 
making it less, as the length of line to be used is greater. Th« 
smaller the voltage that may be employed at the generator, tho 
smaller must the current-density in the line be to obtain thA 
maximum efficiency. More recently, Mr. Kapp,* in his Cantor 

' Journul Soc. Tvlenr. EntiineerK, xv. 120, 188*!. 

' Jovmul 8or. Arl», xxxli., Jnly 10, ISftl ; also his book on SUetrie 
TranS'n{e»ion q/' Energy, itt edition, ISM, in which aome ver; mefal 
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Lectures, has given a more general Bolution, taking into account 
the voltage and the cost of the machines as well as that of the 
line. It is assumed that the annual value of power at the gener- 
ating station is known as wellaathe cost of plant per horse-power. 
Of the data required to be known, such as primary horse-power, 
total efficiency, voltage at motor, annual cost of power delivered, 
and working current, the last meutiontHl is the most important 
to be calculated, for from it the other matters can then be found. 
Kapp finds that under no circumstances will it be economical to 
lose more than half the power in the line. 

A useful set of tables, showing the cost of laying one additional 
ton of copper, meaning thereby that part o£ the capital outlay 
which is proportional to current, was given by Prof. G, Forbes in 
his Cantor Lectures ' of 1885 on the Distribntion of Electricity. 

The secret of economy in all long-distance transmission lies, as 
we have seen, in the use of high voltage. But it is found in prac-^ 
tice that continuous-current machines cannot advantageously be 
used at such high voltages as 3000 and 4000 volts, inasmuch as 
the commutators will not stand the strain on their insulation. 
Even putting several mat^hines in series, though it lessens the 
voltage on each dynamo, does not prevent the risk of break -down 
of insulation. Hence the superiority of alternate-current ap- 
paratus, which requires no commutator. Moreover, where volt- 
af^ exceeding 10,000 volts are desired, it is found preferable to 
use low-Toltage altenrntors and motors, and to insert step-up 
transformers at the generating end, and step-down transformers 
at the receiving end (as proposed in 1881 by Deprez and Car- 
pentier), since it is much easier to insulate thoroughly the station- 
ary windings of a transformer than the parts of any running 
machinery. The question whether, of alternating systems, the 
ordinary single-phase, or one of the more noi-el 2- op 3-phase 
systems, is to be preferred in long-distance transmission is still an 
undecided matter. 

As an example of long-distance transmission at an extra-high 
voltage may be cited the experimental line erected in the summer 
of 1801, from Lanffen to Frankfort, a distance of 175 kilometres. 
At LauSen a special low-pressure titrbine was fixed in the river 
Neckar to drive the S-phase alternator, by Brown, described on p. 
627, capable of giving {at full power) three alternating currents of 
about 1400 amperes each at 50 volts. These currents were con- 
verted by special transformers into three smaller currents at 8000, 
12,500 or 26,000 volts. Three copper wires, each 4 mm, in 
' Journal Soc. AHh, 188S, 
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diaiDeter were carried to Frankfort on tall poles ; about in.nofl 
'.porcelMn tasolatora being emplc^ed, with oil-cups for high iii- 
Al Ftankfort lb© currents were received into step-down 
' temnsf onners and reconvert^ to the low pressure of about 6U toI U, 
to supply either lamps or 3-phase motors. Tests were made by a 
juiy, baring Pmf. 11. F. Weber as its liead. Their report con- 
cludes with the following summariF- -.-^ 

(1 1 In the Lauff en- Frankfort plant for the electric trangmiesion 
of cnergT over a distance of 170kilometre8,by means of a Bj'stem 
of alternating currents, with a pressure of 8600 to 7500 volte, and 
bare copper conductors insulated by oU and porcelain, the lowest 
output in the tertiary circuital Frankfort was 685 per cent., and 
the highecit output was T5'2 per cent, of the energy given out by 
tfa^ turbine at Lnuffen. 

(Si In this tmnsmission to a distance, the only cause of loa 
measurable by the instruments was that due to the reeistance of 
the circuit (Joule's effect). 

|3i Theoretical considerations showed that the influence of 
rapacity upon long aerial bare conductors for transmission of 
energy to a distance by alternate currents, under the conditions 
employed, and with use of a frequency of 30 to 40 periods per 
second, is of so entirely subordinate amagnitude, that it need not 
be considered in designing electric transmissions. 

(4j As the expression of our experience during the foregoing 
measurements for the determination of the efficiency of the 
Lauflen- Frankfort tnmsmission of energj-. we add. as a fourth 
result : — The electrical running with alternate currents of TSiW) 
to 8500 volts in conductors of more than a hundred miles in 
length, insulated by means of oil, porcelain, and air, proceeds just 
as regularly, safely, and as free from disturbances as does run- 
ning with nlt«mat« currents of a few hundred volts pressure 
over conducting wires of a few metres length. 

In some further researches,' witha high pressure of 2S, 000 volts 
from line to line and with a frequency of 24 periods per second. 
an efficiency of 75 per cent, was obtained with a load of about 180 
horse-power. 

t Official Repon of Lke Frankfort Exhibition, U, p. 431. 
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CHAPTER XXIX. 

REGULATORS FOR DYNAMOS. 

Modes of governing the performance of dynamos are needed, 
not only for keeping the pressure at some constant number of 
volts or for keeping current at some constant number of amperes, 
but also for such purposes as to enable the voltage of any one 
dynamo to be raised in order that it may feed into some distant 
point of a distributing network. 

The output of a dynamo depends on three intrinsic matters, 
namely, (i.) speed n, {ii.) number of armature conductors Z, and 
(ill.) magnetic flux N ; ^^^ o^^ ^^^ extrinsic inatters, namely 
(it?.) resistance of the circuit ; and (v.) counter electromotive- 
forces in the circuit. It is therefore clear that any of these five 
matters might afford a method of controlling the performance of 
the machine. 

To introduce resistances into the main circuit is always waste- 
ful, and may be dismissed as an uneconomical method of regula- 
tion suitable only for experimental purposes. To introduce 
counter electromotive-forces into the external circuit can be done 
in the case of alternate currents by the use of choking coils, and 
in the case of continuous currents by the reversed introduction 
of charged secondary cells ; but this is impracticable save for 
special cases on the small scale. It remains therefore to consider 
the three intrinsic methods. 

Speed governing is clearly limited to those cases where there is 
a separate engine for each dynamo ; and in such cases a special 
governor will be required instead of the usual centrifugal engine 
governor. 

To alter the number of conductors in a rotating armature 
whilst it is running is absurd. Their effective number can, how- 
ever, be altered' by the device of shifting forward the brushes so 
that they collect the current not at the point of highest potential, 
but at some other point. This method virtually uses some of the 
armature windings, namely, those between the neutral point and 
the point to which the collecting brush is advanced, to produce 
internal counter electromotive^forces. 
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To niter the magtietic flus is the almost universal mode of con- 
trol ; and it may be accomplished in two entirely distinct kinds 
of way. Since the flux depends on the excitation {or ampere- 
turns) and on the reluctance of the magnetic circuit, it can be 
varied by varying eitlier the former or the latter. The excitation 
may be altered in various ways, m) by the hand with tbu atd of 
rheostats and coniinutatore in the exciting circuit, or (t) auto- 
mutically by special governors in substitution for the hnnd, or 
(c) by devices of compound winding. The magnetic circuit miiy 
be varied in several ways, as [d) by moving the pole-pieces nearer 
to or further from the armature, (<■) by opening or closmg some 
other gap in the magnetic circuit, (/) by drawing the armiilun! 
end-ways from between the pole-pieces, (g) by shunting some nf 
the magnetic lines away from the armature by applying a maR- 
netic shunt across the limbs. Alt these magnetic devices have 
been tried.' hut not with much suci^ess except in small machincB. 

/fa r»i-7to[/H/u/ors.— These consist of sets of sliding contacts to 
enable the operator to perform oneof the foil owing operations :— 
(1) Insert or remove resistance from the excitingcircuit of a shiiut 
dynamo by means of a rheostat * (see Edison's regulator. Fig. 1 52, 
p. 226) ; 12) insert or remove resistances, shunting the magneti*- 
ing coils of a series dynamo ; (3) cut out more or fewer exciting 
coils, these being grouped in sections. 



Co-VSTANT-PRKSSURK AND COKSTAJPT-CUBEENT RGOCLATORS, 

In nil automatic regulators there is a part which has to act as 
the brain of the instrument, watching as it were against any 
variation, and setting into action the mechanism which is In 
counteract the variation. This watching device is usually some 
sort of an electromagnet, often a coil with a movable plunger. 
When the volts are to be kept constant the coil of the controlling 
device must be wound as a voltmeter coil, that is of fine wire, of 

' For ftD esample of (J) Bpe Firlli'* ni«liod (see Induairien, Ix. 1611 iu 
which llie polar niasses aro rirawn bnekwards by BcrewB ; and of (g) « nijii;- 
nellc shunt ftpplleii by Dpsroxiers, La Lumihe &lei;lriq»p, xxiv. HIW. 
Other niBgnrlic nielhoilH have been naed by Goolden and Trotter, tjuiglcy, 
P. Miiller, Lontln and Dielil. 

* On tbe coiiHlniction of audi rhooatats, cboii-i? of wires, and the 1i][«. s<<e 
Herrick, Elcetriral World, iv. 240, 1800. Important advances have lately 
been madti in tbe intiwluctioii of enainelleil realaUiiices, for the fiwt of 
tiitae operatiori-i. FUmlng baa (fevised spoeial rheostats for absorbing 

iwer ill wires straineJ over resilient supporLa, 



Regulators for Dyitamos. 



745 



high resistance, and connected as a shunt. When the amperes 
are to be kept constant the controlliog oil must be nroiind like 
an amperemeter with thick wire, of low resistance, and inserted 
in the main circuit. AJternatora are usually regulated by oi)er- 
ating on the circuit of their exciters, the cuirent in the governor 
coil being derived from the mains by a small transformer. 

Automatic regulators are of two species : in one the work of 
moving the regulator is accomplished mechanically, the control 
only being electrical ; in the other hoth the control and the moving 
power are obtained electrically. Gooldeu's regulator, which was 
illustrated in the previous edition of this book, belongs to the 
former of these classes. The sliding piece of the rheostat is 
worked by a vertical screw, and this is caused to rotate right or 
lef t-handedly as may be required under the operation of a double 
ci-own-wbeel on a sleeve on the vertical spindle to which rotation 
is imparted by a smuU pulley driven slowly from the engine. 
The coatroUiog part — the brain of the apparatus— is a solenoid 
with suspended iron plunger. When the current in this coil is of 
proper normal strength the plunger ia dratt"n in just so far that 
the crown-wheel ia not in gear either with the upper or the lower 
driver. If the current in the coil grows weak the, plunger rises, 
causing the crown-wheel to engage in the upper driving screw, 
which immediately begins to move the sliding-contact in such a 
way as to increase the excitation of the dynamo, and bring back 
the current in the coil to its normal strength. Slater Lewis baa 
lately introduced a differential solenoid arrangement into the 
regulator. 

An example of the second kind of regulator is thatof Maquaire, 
in which the moving as well as the controlling mechanism is 
electrical. The moving mechanism is a small motor made revers- 
ible by the device explained on p. B19. The controlling mech- 
anism is virtually a relay, consisting of an electromagnet with 
its armature balanced by a spring. 

If the raun pressure becomes too low the tengue of the govern- 
ing relay rises, and touching one of the contact-stops, causes the 
motor armature to turn so as to alter the resistance and increase 
the excitation of the dynamo. 

In Fig. 513 is shown an automatic regulator of the first kind, 
designed hy Thury and manufactured by the Allgemeine Co., of 
Berlin. The vertical relay ia shown on the left ; it actuates one 
or other of two horizontalcoilswliich throw into gear one or other 
of the two bevel wheels that drive the worm which turns the rheo- 
stat arm. The pulley on the end oftbedrivingshaft must bcdriven 
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lUm. If t}f I'urrrnl incTHMM, the «nnmli>r« is drawn upwards 
iiri<l fwii«™ k 1«vw to c^mprun the coIuidd o( carbon plat«3 : the 
mrrnfit llnw IHiik (Ilvcrted toagreaU-r ur leaeer ext«Dt from the 
ni>l>l-riiHRiii«t«, Thijt r(iKii1ftt"r will keep the current constant 
(■»mi lliiiiiKh th" Bpooil of drivinff may be irregular. 

Aiiollinr jHinily tle<:triail rogiiltitor ig that used with 
Tli'itiinxti'll'iiiiitiin arc-light dynamo (p. 463). 
^^ HUtlur'a regulator the brunhes are shifted by a motii>a 
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rived mechanically from the rotation of the dyuamo, but elec- 
trically controlled. 

The method of regulating Parson's turbo-alternator was de- 
acribed on p. 625. 

, A regulator devised by Waterliouse employs a third brush upon 
the commutator to carry a variable portion of the current around 
a special circuit. It was illustrated in the previous edition of this 
t]jyj)r^ as W6t« also the regulatora of Henrion and of Sparry, 

L 

\ Caldwell,' who has shown that it can also be applied to constant- 
prefeure regulation. 

For constant-current work Wood has devised a regulator in 
which a pilot brush is also employed, but there are two exciting 
circuits wouii4i differeutially. and there is an electromechanicfd 
device for shifting the brushes, atta<:hed to the dynamo. It was 
depicted in the former etlitioii. 

An interesting example of the use of a magnetic shunt to pro- 
duce a constant current, occurs in the regulator of Trotter" and 
Ravenshaw, in which, instead of diverting the magnetic lines out 
of their usual path, into a path of lower magnetic reluctance by 
employing a movable keeper of iron, the plan is adopted of fixing 
the keeper and varying iUi effects by surrounding it with a 
counter magnetizing coil. 

' jnectrician, Mil. 217, 1888 ; unU remarks 1)y Proftssor Xicholla, VM., 
44 1. 1880. 

' See piipor by A. P. Trotter, in EUetrieian, itU. 374, 1S87. A drawing 
of the governor Itself li given In the EiectHcnl Reviea, xix. 280, Sept, 17, 
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174° Vynamo-lLlectric Mqfffinery, 

M. Reignier ' haa drawn attention to a solution of the probi 
of pxact governing to procure a constant current by automatical 
Tarying the number of coils through which the current ia per- 
niittod to pass. 

EixcTRio Governors for Steaii-bn(iinbs. 

No centrifugal governor attacheil to the steam-engine can keep 
the speed of the dynamo truly constant ; for it does not act until 
tliH speed has become either a little greater or a little less than the 
normal value. Few mechanical governors will keep the speed 
within D per cent, of its proper value, undersudden changes of load. 
\ llenre the suggestion which underlies all electrical governors, 
tlirtl tho admission of stoam from the boiler to the engine should 
I bo controlled by the electric current itself, tho speed of drivins 

1 being varied according to the demands of the circuit. It ia 

I oniphatically needed wherever the loads are liable to sudden van- 

^^^ ations, aa in the case of generators for electric railways. Numer- 
^^^L ouB suggestions of a more or less practical nature have been made 
^^^B by Lane-Fox, Andrews, Richardson and others. 
^^^P Richardson's governor " was described in detail and illustrated 
^^^ in the previous edition of this book. More recently Mr. Kichard- 
r eon has described * some detail niodiScatioos which include tho 

I use of a relay controlling a mechanically driven governor so ad 

w (\W^ regulate the engine to maintain a constant electric pressure at 
t""vW\ any given distant point in the network of mains. 
I ' Willans' governor* employs the attraction exerted by asolenoiil 

P on an iron core to actuate an equilibrium valve ; but the action 

is indirect, the solenoid core operating on the small valve which 
controls a hydraulic piston, thelatterin turn controlling the lai^e 
steam valve. The arrangement was depicted and described in the 
previous edition of the present book. A comparatively small 
solenoid, actuated by biit 03 ampere of current and absorbing 
only about 32 watts of power, may by this use of a hydrauhc 
relay, or by a steam relay valve, brinu a force of many poimda 
to bear upon the main steam valve, and will control with ease an 
engine of several hundred horse-power. 
One great advantage of tha electric governor is that it 



' La LuialH-f Eli-elriqne, xxvi. 420, ISS7. 
» See SpeclHcitdon of P&ient, No. 288 at 18S1. 
» Tror. hiKl. CMl Knuinfrf. rxi. pt. ii., ISM. 
* fiee SpeclflcBtlonB of Patent Nos. 11H4, 5291 And 5D45 of 1883; alw paper 
J P. W. WlUans In Proc. In»t. Civil Eugineirt, Ixxxi. pU liL 1834-5. 
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down the consumption of nteain to the actual demands uiiule upon ^ 
the electric circuit, and prevents injury both to the dynamo and 
to the steam-engine, 

Dipianiomelriis Qovernirm. — Another method of governing 
dynanioa is too important to be omiltod. The power tranemitted 
along a shaft is the product of two factors, speed and torque. 

But the power of a dynamo is measured electrically by the 
product of its electromotive -force into the current it drives 
through the circuit. If E stands for the electromotive- force, and 
C for the current, then 

E C = power (in watte). 

Now we know that, other things being equal, the eleotromo- 
tive-force E of the dynamo is proportional to speed of driving. 
It follows at once that t}ie torque trill be pi-opartimial to the cur- 
rent C, This at once suggeHta that a dynamo may be driven so 
as to give a constant current, provided it be driven from asteani- 
engine governed not by a eentrifiigal goi-e nor to maintain a con- 
etant speed, but by a dT/namoTnetric giwenior to maintain a con- 
stant torque or turning vioinent. Some good transmission 
dynamometers, such as that of Murin, or one of the later varie* 
lies, such as thoee designed by Ayrton and Perry, or best of all 
that designed by the Rev, F. J, Smith,* may be adapted to work 
an equilibrium valve, and would fulfil the above condition of 
governing. 

Prof, E. Thomson has suggested the use of a dynamometric 
apparatus to govern a constant-current dynamo by the method 
of shifting the brushes, A description of this governor was given 
in the second edition of this work. 

Ooveming by Steam-pressure. — It was remarked above that 
electric power and mechanical power are each a product of two 
factors. But in an ordinary steam-engine the work ptT second 
alao consists of two factors, viz. speed of piston and steam-pres- 
sure ; and tlie angular velocity of the shaft is proportional to the 
former, and its transmitted torque to the latter. Therefore the 
condition of maintaining a constant current ought to be fulfilled 
it tha pressure ia always cxinstaut. If the valves are such as to 
admit a fiiced quantity of steam at each stroke, and if the boiler 
prossnre is really kept up, then the average pressure liehind the 
pisUin ought to be constant. In practice this is m-ver attained, 
on account of the friction of the steam against the Bteam-pipes 
and port-holes of the valves. The internal friction in the engine 

■ Sve his excellent little book on irurfc-meoHurlnj/ .VaeAinea, pabllelieil 
by MesHrs. E. and F. N. Spon, 
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tsmmxixBaxion » lil 

^■imfniii !■■ wpsR jnrrMnnsrt. .hid :iK '.sir '.its, '^vrxuin. •ssascti Hie 
3^!£ir^'' iif*rF^ifT^ \ jfuwrmrr im wic mBsc si- a«- •uckf- -:^ i:^ 

^t^'^rnnr^. uift uhnii: •miai iiuniiiLtff* if -fosaiii. ss. -s^cik sirx^e 

T!u» viiif tiruin if TnmnTainnur % -^nxBSBSMni ymwnnW <£sa2K2€ be sim- 
ilsurt7 ^^ii'TdfL -^xnF^c >iy -aznakiymir % 'ifeaixc <fjTiaiiii> -mirr coodi- 
onriR *aiAC ir» ViHi mefyiinnmrai mii izngcsTtm^attA^. Bat id the 
f*suifii ^t ^i ii«is%nr-*" ! u'i^ui; wnriaiiE: ic is ymB^bJifr u> p> further 
tSA^rart r»aii2imr 9w.ti r^anilft. Tbis >*T'HCJnir meciiDd •st maintain- 
incr % ^XinffTant: ^ta^amror^iSKar^ m &i piifi n^^a tfe bcder a pre^^*- 
nr^-^cuuER '▼!iicn ixuhcxu^ *» the i&MBer wten oe b t*> add mc>re 
6u^ ^uui '▼hf^i "V) iiimp '^i^^n tiie Hr^ Lrt the pvvagiire^^age 
l^ ^huniiTiaftfl ^imi msceacL If>t thi>r» be pr«yrfeied at tbe side of 
thfi tirmu^. an. ^moen^nieter. .^nii Ii«t the stoker feed or damp his 
famar^ flrw* %«n!iiri]2ur to the Rqatrenmifis of theelectne svstem 

jr^.'.^rr.r.'.Kr.*. -ivj..*: n.f.t: -,»t -!^«r>rr" in pri»?!ni>?". ar least in theoa<e 

F.r.;ti." V. r^.rA-.T ".he ry^t^m ^irilj.aTitoniatio. it is c«>n<?eivabU^ 
th^i* rr*^ r.rir..«:^l rtoicinz ^ppLLin*?*?** mirht bearranse»i. under the 
cor«r.rol sf *he ^mper*-ni*=-fer or voltmeter, to >upp»ly the fii^^l in 
prof/^.r^i'^n to nr.e ri'iml-/er <jf Lvinp^ allzht. In the case nf j^as 
^rrii'jrif-y or oil er.ifinei* -^ich a ontr'jl would be very easilv carried 
01 it 

» ^'•^' F/Irnnri'!^ \n J^,ur7tnl <',r. T^leg. Engine*^*, xtIL tJ&T. ISSS ; also 
Kl^rtfiriaa, xxii. :>4i^, -fcfii, l-^ftO. 
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CHAPTER XXX. 



TESTISG DVNAM08 AND MOTOKS, 

Tests to be applied to dynamos are of two kinds, viz. those 
which relate to the resistance and insulation of the various 
parts, and those which lekte to the efficiency under vaiious 
loads. 

Tt»Hng Comtruetion. — The resistance of the various parta 
of the armature coils, of tlie fleld-magnet coils, and of the 
various connections, may be tested iu the ordinary manner, 
by means of a Wheatstone's bridge. The only point of 
difficulty lies in measuring such small resistances as those 
of ai-matures and of series coils, which are often veiy small 
fractions of an ohm. In this ease piobably the best method of 
proceeding is the following. By means of a few accumulator 
cells send a strong current through the coil or armatum 
whose resistance is to be measured, interposing in the circuit 
an amperemeter. While this current is passing, measure, by 
means of a sensitive voltmeter, the fall of [Kitential between 
the two ends of the coil. By Ohm's law. the number of volts 
of fall of potential divided by the number of amperes will 
give the resistance in ohms. Additional accuracy may be 
secured by connecting in the circuit a strip of stout German 
silver, aa recommended by Lord Rayleigh. of known resist- 
ance, and comparing the fall of potential between the two 
ends of the strip with the fall of potential in the coil. The 
mtio of the two falls of potential will equal the ratio of the 
resistances. 

The internal resistance of a dynamo when warm aftt-r 
working for a few hours is considerably higher ihan when it is 
cold. Tests of resistance ought therefore tobeniiitlel>oth !«- 
ibie and after tlie dynamo has been running. Tlie perfection 
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of the tuagnetic circait mny be tested in two ways. 
mtj is to uteasore the pn>portioii of magnetic leakage induc- 
tively (|>. 163). The ollierw«y isto joinupaknownsuitAble 
to tlie tenuiiuiU of tlie miicliiiie, and then to luii it 
slovtjr. gndoall; increasing tlie si>eed until it excites iteelf. 
(TliA method is of course inapplicable to many alteniat^- 
ouiTent machines.) The lea^^t speed of self-excitatioti is, 
eateri* paribtu, a measure of the gowlness of the magnetic 
ctnioit- 

Teating Im*%ilation rtntlanet. — The rational mode of 
testing the insulation in the worksliop is to apply a high 
volti^e — say from 2000 to 4000 volts — and see whether tlie 
insulatitm resists being pieived. The electric tension orstress 
to which the dielectric \a subjected, tending to pierce it, varies 
as the square of the Tolts. The most convenient way of 
applying the lest is to use a small alternate-current ti-aiis- 
former giving the requisite volti^. All dynamos, motors 
and transfoi-mere intended for high voltage work sboiild be 
tested at double the volts which they are intended to work 
at. Tests of the insulation-resistance between the coils of 
a dynamo and its metal cores or fmme by use of a Wlicat 
stone's bridge, made regularly day by day, are only useful a)t 
far as they serve as a guide to the way in which the machine 
i^ being cared for ; since damp and dirt lower the insulation, 
and if neglected promote likelihood of a break-down. 

Tetting Tetnperatiire-riw. — The instructions given by tlie 
Admiralty for tests of temperature are a^ follows: — 

At the end of six hours' trial, and one minute after 
stopping the machine, no accessible part of the armature or 
field-magnet must have a temperature of more than 30° Fiihr, 
above that of the dynamo room, taken on the side of the 
dynamo remote from the engine, and three feet distant from 
it. Also the maximum temperature ot the armature at the 
end of the six hours' trial must not exceed the temperature of 
the dynamo room by more than 70° Fahr." It is usual to 
employ thermometers with nan'ow cylindrical bulbs which cnii 
be inserted in the arniiilure, or laid upon it and covered with 
a pad of cotton wool while the test is made. 
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Testing Performance and Efficiency. — The testing of tbe 
efficieucy and woi'kiug capacity of a dyuaiiio, whether work- 
iug mt generator or as motor, is a more eierious matter, and 
iuvolves both eleutrical and mechanical meatturementa. 

In the caae of the dynamo generating currents, measure- 
ments must be made (a) of the mechanical input and (li) of 
the electrical output. 

In the case of the motor doing work, measui'emente Diust 
be made (a\ of the electrical input, and (J)) of the mechanical 
output. 

Measurement of Power. — The general methods of measur- 
ing the power mechanically are as follows : 

(a.) Indicator Met hod. ^-By taking indicator diagi-ama fi'om 
the steam-engine which supplies the power. 

(J.) Brake Method. — By absorbing the power delivered by 
the machine, at a friction "brake such as that of Prony, Pon- 
celet, Appold, RaSard, or Froude. 

(c.) Di/namometer Metlu>d. — By measuring in a transmis- 
sion dynamometer or ergometer, such as that of Morin, von 
Hefner-Alteneck, Ayrton and Perry, or of F. J. Smith, the 
actual mechanical power of the shaft or belt. 

((?.) Balance Method. — By balancing the dynamo or motor 
on its own pivots and making it into its own ergometer. 

(e.) Electrical Method. — By making the motor drive the 
dynamo which supplies it, measuring electrically the work 
given out in the one, or absorbed by the other, and then 
measuring, either mechanicallj' or electrically, the difference. 

(/.} Steam Contumption. — In cases where indicators cannot 
be used (as for example in tests of steam turbines), the weight 
of steam consumed per hour, as measured by feed-water 
supplied to the boiler or by the water from the condenser, 
may be taken as a measure of the gross power. 

(o.| iTidicafor Method. — The operation of taking an indicator 
diaip'am at the work of a steam-enpine is ttto well known to 
engineers to need more than a pnseine reference. It measures 
the gross power impdrted thermally to the engine, not the nett 
power given by the entwine to the dynamo. This method b, how- 
ever, nut always applicable, for in man; cases the steam-engine 
48 
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8 to drive other machinery, and heavy Bbafting for 
Chinery. In such cases the only remedy is to taki 
indicator diagrams, one when the dynamo is at work, the other 
when the dynamo is thrown out of gear, the difference being ae- 
smned to represent the horse-power ahsorlied hy the dynamo. 

(6.) Brake l^ethod. ^~The friction brake of Prony is well known 
to engineers, but the same can hardly be said of the more revM^ut 
forms of fi'iction dynamometers. Various improvements have 

. been introduced in detail from time to time by Poncelet, Appolii, 
Bad Deprea. In Prony 's metliod the work is measured by clamping 

' fi pair of wooden jaws round a pulley on the shaft ; the torque on 
the jaws being measured directly by hanging weights 
jecting arm with a sufficient moment to prevent rotation. It p 

I IB the weight which at a distance t from the centre balances the 
tendency to turn, then the friction force / multiplied by 
radius r of the pulley will equal p multiplied by I. 
This may be written. 
Torque =/r^pl. 
Fn 
nui 
Tel 
Tel 
■n>l 



* From which it follows that 



If n bo the number of revolutions }ier second, then 2 
Inumber of radians per second, or hi other words, the nngul 
►Telocity, for which we use the symbol ", and 3 " » r is the linear 
■Telocity v at the cjrcumfei'ence. Now the work per second, or 
■power, is the product of the force at the circumference into 



Itp 

the 

i 

LllOT^ 



^^^■power, is the product of the force at the circumference into tb^^ 
^^^^prolocity at the circumference, or J^H 

If p is measured in pounds' weight, and / In feet, then, remsi^^| 
I bering that 650 foot-pounds per second go to one horse-power, )^^| 

m "''■"■ M 

^^V horse-power absorbed = ^"^ ; ^^| 



I or. ,t 

L must 

L The 

^H great 
^^^^ele 



if p is expressed in grammes' weight, and I in centimetres, it 
must be divided hy 7*6 X lO* to bring it to horse-power. 

The latter improvements imported into the Prony brake are of 
great importance. Poncelet added a rigid rod nt right angles to 
*he lever, and attached the weights at the lower end. Appold 
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substituted for the wooden jaws a steel strap, giving a more 
equable friction, and therefore having li?s9 tendency to vibration. 
Eaftard ' substituted a belt differing in breadth, and therefore 
offering a variable coefficient of friction, according to the amount 
wrapped round the pulley. Further modiflcationa of this kind 
of brake dynainonaeter have been made by Professor James 
Thomson, Professor Unwin, M. Carpcntier, and by Professors 
Ayrtou and Perry. The friction of a turbine wheel was also ap- 
plied as a dynamometer brake by the late W. Froude. Professor 
Alex. B. W. Kennedy has obtained excellent results from the use 
of a rope brake. 

As fdl these brake dynamometers measure the work by destroy- 
ing it, it will be seeu that though they are admirably adapted to 
measure the work furnished by a motor, they cannot, except 
indirectly, be applied to measure the work supplied to a dynamo. 
Some experience in working with these machines is essential if 
reliable results are to be obtained ; but with tJie more modem 
forms of instruments, such as tliose of Poncelet and Raffard, the 
results are very good. The great secret of success is to keep the 
friction surfaces well lubricated with an abundant supply of soap 
and water. 

Probably the most accurate method of measuring power by 
absorbing it is to use as brake a dynamo of high and known effi- 
ciency on a load of lamps, the output being measured by ampere- 
meter and voltmeter. 

(c.) Dyttamometer Meihod.^-lhe Prony brake was styled above 
a brake dynamometer ; but the true clynamometer for measuring 
transmitted power does not destroy the power which it meagures. 
Transmission dynamometers maybe divided into two closely al- 
lied categories : those which measure the power transmitted along 
a belt, and those which measure power transmitted by a shaft. 

In the case of transmitting power by a belt, the actual force 
which drive* is the difference between the pull in the two parts 
of the belt. If F' is the pull in the slack part of the belt before 
reaching the driven pulley, and F the pull in the tight part of the 
belt after leaving the driven pulley, then F — F' i-epresents the 

' For further accomits of these InstruraenU Ihe reader ia referred U> 
Welabach's Mechaniet itf Enginftring ; Spoas' DiHionary <if Kngincrrlitg, 
ArtIHe " Dynamometer " ; Smith's (Tori-meoJiurttw Maehinf* : > series o( 
ftrCIclea in the Electrieian. 1883-4, by Mr. Gisbert Kspp : Pme. hmt. 
Meek. Eiuj., 18T!. p. 237 (Mr. Froude) ; Rep. Brit. Aanoe., 188S (Prof. 
Uiiwin) ; ^uurn. Soe. Tel>-iir.-Enii. and Eleclr., vol. ili. p. 3*1 (Profs. 
Ayrton ami Perry). See alM> Officinl Report, of the E1eccrote«hnical Exhl- 
bhlon of Frankfort, 13U1, for tbe brake tests made ou the tnrblDes at 
Lnntfcn. 
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neH piiH at th« circumference, aud (F — F") X r is the torque T 
Tlten if n is the uumber of revolutions per 9Kxmd the angular 
velocity " will be (>qual to S ^^ n. This gives us ae the work p«r 
MNXHiJ, «r piiwer, 

^=,T=/p = arBr(K— F). 

As bef uiv. if K is ej(pressed in pouiiils' weight and r la feet, the 

expniitiijon must be divided by SSO to bring to horse-power ; or 

must be diviiled by 7'G X ID* if the quantities are expressed in 

gnuitiiHu' weight niid cititimctrws. 

A dyiuimumutor whii'b eaii be applied to a driving belt, and 
•ftually ■nMi8urvs the diffireiic-e F — F' in the tight and slack 
pnrts iif iht- bell, has been designee! by von Hefner .■Mteiieck. oml 
is I'ominonlj- kmiwn ns Sienieus" belt dynamometer.' OUier 
fonus bMvi* l)een devised by Sir F. J. Bramwell. W. P, Tnthnm,' 
W. Froude. T. A. Rlison and i)lhers. Nearly all of these inslru- 
mentis inlrodtn-* uddiiional pulleys into the transmitting system. 
causing ndditiv^tnl frivtioti. 

MtH'h mtin- saiisfactory are those traasmission dynamometers 
which mmawrv' thr [mwwr transmitted by a shaft. Iii nearly all 
instrument of this class there is a fixed pulley keyed to the shaft, 
and beside it a kx**- ptdley connoted with it by some kind of 
spring nrmni^-ment. so set that the elongation or bending of the 
spring incrtsun>8 the angular advance of the one pulley relatively 
to the other ; this angular advance is proportional to the traus- 
mittnl torque. To this class of instrument belongs the well- 
known dynimiomelfr of Moriu. in which the displacement of the 
liMMMi puUey is resist^*) by a stnught bur spring, the centre of 
which is nttjiched to the driving shaft. Modifications of the 
Morin instrument have been devised by Easton and Anderson, 
Heinrichs,' Ayrton and Perry.' Murray.* and the Rev. F. J, 
Smith, of the Millard Engineering laboratory. Oxford. Of the 
last named instrument, a full description and cut were given in 
former editions of this book- 
id.) Bo/nruv JfrJAorf.— With small motors there arises the diffi- 
culty that the ordinarj' means of measuring tlte work they perfonn 
introduce relatively large amounts of extraneous friction. The 
motor to be tc«t<^ is placed with its armature spindle between 
' One form of the SSi-mens ilynundineter U dRtcrlbed by Hopkiosoo, 
JVnc. /Bi"f, yStfhnu. En;j., |i?7fl. A more modem form i> described bj 
Schrotvr, BoyrriacAM fntltMlrf^viul Qtieertxtilatt, 1883. ^^_ 

L' J^onm. FVnialin In*titvU. Nov. INSft ^^H 

y ■ Sfe ^nfffuvnV, Hky 3, 1»M. and SlrrMcoJ finieir, April M, tffitij^^l 
\ * .U.vrn. Soc. Ttltgr.-Ensi. «»A KUetr.. siL 1<3. 1883. * tbU., zriB. U^^l 
1^ _m 
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centres, or on friction wheels, nndthe weight of the field -magnetB 
and frame is very carefully balanced with counterjwise weigbtfi. 
In Fig. 515, B D represents the Held-magnets and frame of the 
mutor duly counterpoised, and E is the armature. When the 
current is turned on, the armature tends to rotate in one direction 
and tiie fleld-magnets in the other ; tbeanf^lar reaction being of 
course equal to the angular action. If the reaction which tends 
to drive the tield^magnets roimd be balanced by applying a force 
P (for ejiample that of a spring balance) at the point C of the 
frame A B C D, then the moment of this force, P d. measures the 
torque, exactly as in the Prony brake. Hence it will be seen that 
the motor has become itaown dynamometer, the magneticfriction 
l)etween the armature anil the field-niapnet being substituted for 



1 mechaoical friction betw 



1 puUey and the jaws. A 




Fio, 515,— Rev. F. J. Ssi 
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modification of the balance method, due to Herman Miiller, con- 
sists in swinging the dynamo ina cradle, pendulum fashion, from 
the driving shaft, and estimating the power absorbed by the dis- 
placement from the vertical line. 

M. Marcel Deprez and Profesaor C. F. Brackett have proposed 
to apply the balance method todynamoa in action. Professor 
Brackett places the dynamo in a sort of cradle, balanced on centres 
that lie in the axis of rotation, and measures the torque between 
the armature and fleld-magnets, and multiplying this by the 
angular velocity %^ n, obtains the value of the puwei' transmitted 
to the armature. 

A.I] these several dynamometric methods necessitate the use of 
a speed- indicator to count the number of revolutions n, which 
enters as a (actor into the calculation of horse-power. The 
number of revolutions pw second n being known, the angular 
velocity o — 2 t n can be calculated. This only requires to be 
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multiplied by the torque T — F r give the power or woric-per- 
second w. And if T is expressed in pound-feet, then, 

, __2;r« Fr «T 

horse-power = — --— — = — -- . 

^ 550 550 

(«.) Electrical Methods, — There are several varieties of this 
modern method of testing, and they involve the use of two 
or in some cases three machines. Two machines, one to act 
as generator, the other as motor, are connected together both 
electncally and mechanically, so that the power is circulated 
between the two machines, passing from generator to motor 
electrically, and returned from motor to generator mechani- 
cally. The power given -out by the generator machine, and 
that absorbed by the motor, are measured electrically. In 
the original plan of Dr. J. and E. Hopkinson,^ the small 
additional power required to drive the generator was supplied 
by a steam-engine and measured mechanically by a dynamo- 
meter. By thus circulating the power it is possible to test a 
pair of machines at say 500 horse-power each, using only a 50 
horse-power steam-engine. Modifications of this method for 
the purpose of obviating all mechanical measurements have 
been suggested by Lonl Kayleigh,^ Major Cardew,^ whose 
method dates from 1882, M. Menges,* Mr. Ravensbaw^ and 
Mr. Swin})urne. 

All these methods are far more accurate than the roui:^h 
mechanical methods of earlier date, and each has its ad- 
vantages, ])nt Hopkinson's method requires two similar 
machines, and Cardtnv's requires tliree machines, one of which 
must ])e powerful enoucfh to run the other two. In Swinburne's 
method the loss of power due to resistance of conductoi*s is 
calculated, and this deducted from the whole loss of power in 
the machine gives the " stray power " made up of losses due 

J Phil. Trans., 1880, ii. 347. See also Electrician, xvi. 347, 1880 ; and 
Electrical Uvrlexo, xviii. 207 and 230, 1880. 
a Electrical Iicricu\ xviii. 242, 1880. 

» Ihiil, xix. 404, 1S80 ; and Electrician, xvii. 410, 1886; andxxi. 275, 1887. 
' Electrician, xvi. .S71. 1880. 

Electrical Review, xix. 424 and 437, 1886. 

Ibid xxi., 181 and 215, 1887. 
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to eddy-currents, friction and magnetic hysteresis, which ai-e 
thus measured together. This stray power is determined by 
using the machine as a motor, the field-magnets being sepa- 
rately excited so that the armature has the same magnetic 
induction as at full load, the electromotive-force applied to it 
being such as to drive it at its normal speed. Only a small 
generating dynamo is required to furnish the cun en t for this. 
When matters are so arranged that the machine to be tested 
runs at its normal speed, the power used in driving the 
machines (which is measured electrically by taking readings 
of the volte on the armature and the amperes flowing through 
it, and multiplying up) is equal to the stray power at full load. 

An example may be useful. Suppose we have to test a large 50 kilowatt 
shunt- wound dynamo, giving 500 amperes at 100 volts at 720 revolutions per 
minute, and that ra =0*006 ohm, and r» = 12 ohms, the lost amperes will be 
100 -T- 12 = 8-5, total current say 508 amperes; hence lost volts 508 X 0*006 
= 3 volts ; whence E = 103 volts. Watte lost in armature = 508 X 508 X 0*006 
= 1548 . Watts lost in shunt coil = 100 X 100 ^ 12 = 8:W. Now arrange any 
small dynamOf of say 2 H.P., to give out current at 10:) volts; and from this 
run the large dynamo that is to be tested, as a motor, with no other load than 
its own friction, hysteresis and eddy-currents. It will run under 720 revolu- 
tions, since with such small current ite armature produces no demagnetizing 
action to quicken it up. Therefore add some resistance to its shunt till it 
comes up to speed. Then measure the current it is taking; this multiplied 
by E gives the stray power. Suppose it takes 9 amperes, then the stray 
power is 103 X = 927 watte. We may at once reckon out the efficiencies. 
The losses now known are 1548 -f 8:33 -f 927 = 3308. Add this to the 50,000 
watts of nett output, and we get the gross output 53,308. Hence we have 
the following : — 

Gross efficiency = 5??§] = 98*3 per cent. 
^ 53308 ^ 

Electrical efficiency = '52229 = 95*5 

^ 52381 

Nett efficiency = ^^^ = 93*8 
^ 53308 

Mr. Kapp ^ has devised a method of testing which permits 
the commercial or nett efficiency to be determined electrically 
with far higher accuracy than is possible with any mechanical 
dynamometer. It requires two machines of nearly equal power, 
one G to run as^enerator, the other M as motor, together with 
a small auxiliary machine X of normal voltage, to which the 

' See Electrical Engineer, Jan. 22, 1892, and Electrician, July 6, 1895, 319. 
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^ other two ivre coupled in parallel, Fig. 516. The armatiiresql 

G aiid M must also be coupled together mechanically, and the 
field of M must be weakened by use of a rheostat, so tliat it 
may run as a motor. X gives the current necessary for excit- 
ing and for making up the difference between the currents in 
G and M. Insert an amperemeter from one brush of G to one 
of M to measure the cuiTent. Take a reading of the ft 
I Quri'ent when the auxiliary current Lj led in on the right, and 
another reading of the SI cuiTent when the ausiliaiy current 
B led to the left. As the volts are the same in each case, 
I tlie mtio of the two currents is the efficiency of the eombina- 
I tion of the two machines; and the square root of the ratio of 
I the two readings is the efficienry of either machine. 




1 these 



Fio. 516.— KiPP'fi Methi 



Tetting Separate Losset. — In the preceding paragraph no 
distinction was made between tlie three sources of loss which 
go to make up the stmy power, namely, friction, eddy-currente 
and hysteresis. It was indeed possible to separate the eddy- 
current loss from the others by making experiments at 
different speeds,' because the eddy-current loss increases pro- 
portionately to the square of the s[M?ed, wliihit the otlier losses 
are approximately proportional simply to the speed. The 
power thus wasted was given to the armature by a mot^r 
and measured electrically. In 1891, a method of separating 
these losses was independently published by Kapp * 
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by Ilousman.' From the latter's paper is taken Fig. 517, 
which shows the method adopted by both these engiueera. 
The method is as follows : — Let the field-magnet be sepai-at«lj 
excited to a constant vahie. Then measure the currents 
required to run tho armature as a motor with no load at 
different speeda, by using different volts. The results when 
plotted out as a curve giveastraight line A B, Fig. 517, out- 
ing the axis of current above the origin. A horizontal line 
A D, through A, divides the ordinates, such as C B, into two 
parts ; one C D, which represents the losses that are propoi^ 
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Fig. filT. — Separation of Losses in Dynamo. 



tional to speed; and another D B which represents those that 
are proportional to the square of the speed. To separate fric- 
tion of bearings and brushes, the armature should bo coupled 
direct to another similar machine, the latter running without 
excitation of magnets, when the increase of current needed to 
drive will give a measure of frictional loss, and from this the 
lines E F and G H may be plotted out. If a second set of 
observations are made with a field of different strength, a 
second line A' B' will be obtained, which will be above or 
> Md., xxvi. 700, taOl; ftbo Joum. In»U BlecMttt EngiaeerD, xz. 208, 
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below A B, according to whether the chaiige of field l 
cresseil or dinauiisbed the total losses. The minimum tot^ 
loss u^iiially occurs witli an excitation that makes the fiux- 
deusity B in ^'^ armatui-e about 15,000 or 16.000 ; for wheu 
the excilatiou is pushed further, not only does hysteresis 
become much greater, but the eddy-currents in shaft and pulley 
due to the leakage of magnetic lines are greater. If the line 
A B curves upwards at the higher \'alue9, it shows that the 
etJdy-cuneuls in the armature ore producing perceptible 
deiuf^netizatioa. 

Teatiiff of CombtHed Plant. — It is usual to specify for cora- 
luned plant that the efficiency of the combined engine and 
dynamo taken together, on a run of several hours at full load, 
shall reach some prescribed figure ; and that the steam 
consumption (ler kilowalt-hour of output shall also not 
exceed ft given limit. The requirements of British consult- 
ing engineers have been for many years exacting, with the 
result that manufacturere and contractors ' have attained to 
exceedingly high efficiencies; 

As an example of tests of a continuous-current combined 
plant we may take those made by Professor A, B. W. 
Kennedy in May 1893. at Thames Ditton, of a 123 kilowatt 
shunt-wound dynamo by Holmes & Co.. diiect driven from a 
two-crank compound Willans engine (condensing) at 335 revo- 
lutions per minute. During a six hours' run with a load of 
1010 amperes at 120 volts(orl21-5 kilowatts, or 162-8 horse- 
power electrical output), steam was being used at 3814 lbs. 
per hour, or 27-3 lbs. ]>er kilowatt hour, or 20-3 lbs. per hoi-se- 
powerhour. of the nctt electrical output. The internal horse- 
power during same time, as measured witli indicators, was 
190-2, giving an efliciency of 85-6 per cent. The steam used 
per horse-power indicated was 17-4 lbs. The rise of tempeia- 
ture at the end of the run was found to be 40° C. above that of 
the surrounding air. Tests were made also at ^. J and } load, 
also when the dynamo was run on open circuit, excited and 
unexcited, and when the engine was run alone uncoupled,- 
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The results are plotted out ill the accompanying dLigiam, Fig. 
518. When worked out in detail it appears from these testa 
that the efficiency of the engine by itself is 89-5 per cent. ; 
that of the dynamo by itself 95'6 per cent. 

The elalx>i-at« tests of Paiaons' steam turbine (p. 625), 
made by Professor Ewing in 1892 showed a steam consump- 
tion of 27 to 28 lbs. per kilowatt hour at full load, and of 30 
to 32 lbs. per kilowatt hour at half load ; still higher results 
being claimed for the recent steam turbines of lai^er size. 
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—Test op Holmks- Will ass Comblved Plant (Kenmcdy). 



An elaborate arrangementofsjiped-tyines for ilynann>-t«sting, destgn«l 
by Prof. Ayrton, is deHcribed in hiduatriea, June 22, 1888. FordetAiled 
accounts of tests on dynamos the reader is referred to the following 
sources :— Report of Committte of Franklin /rufifufum, 1878 ; Official 
Report of Munich Eketrie Exhibition. 1882 ■, also Prof. W. G. Adams' 
Inaugural AddresB, Jourjial of Sotnety of Telegraph-Engineers and 
Electriciartt, liv. 4, 1885; also Reports of Electrical Exhibition at 
Philadelphia, 1884, published in Journal of the fYanklin Inalitu- 
tbm, 1885; tests of arc-lighting dynamoa at Melbourne Exhibition, by 
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K. L. Murray, JcumaL InstitiiHon EkeMoal Engineers^ zriii., 1889; tests 
of dynamos (DesrozierB, Edison, Gramme, fto.) at Paris Exhibition of 
1889, by A. Minet, La Lumitre MUeetrique^ zxxv. 1889 ; tests on Stanley 
Arc Alternator by Duncan and Hassen, BUeetrieian, xxvL, Jan. 1891 ; 
tests of a Gk)olden dynamo and Willans engine, separating the losses, ib. 
xzvl, p. 86. 1890 ; tests of a Wenstrdm dynamo, separating the losses, by 
Duncan, Electrical Review^ xxri. 116, Jan. 1890 ; papers on Causes of 
Losses, by Hummel, in Elektrotechnuche Zeiisehrift, viiL 1887, and xii. 
1891. At the Frankfort Exhibition of 1891 , very car^hil tests were made 
of numerous machines under very favorable conditions. These are 
detailed in* the second volume of the Official Bepart^ published at 
Frankfort in 1898. 
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CHAPTER XXXI. 

MANAGEMENT OF DYNAMOS. 

' Thib chapter ia devoted to three topics : — (1) The coupling <A 
two or more dynamoB. (2) Qeoeral inBtmctions in use of dyna* 
moe. (3) The diseasee of dynamos. 

^0N CODFLINQ Two OR MoRB DTNAMOS IN ONB CmCUIT. 
It is sometimes needful to couple two or more dynamos together 
BO that they may supply to a circuit a larger quantity of electria 
energy than either could do singly. Thus it may occur that two 
dynamos, neither of which can safely carry a greater current 
than 1000 amperes, are required to supply jointly a 2000-ampere 
current : or two machines, each of which can run at 60 volta, 
are required to fiimiah an electromotive-force of 120 volts. Sim- 
ple aa these cases may seem, it is not so easy to carry them out, 
because it depends upon the construction of the machine, and 
especially upon the mode of excitation of the field magnets, 
whether they can be coupled together without interfering with 
each other's running. For it may, and does, occur that if not 
rightly arranged, one machine will absorb energy from the other 
and be driven as a motor instead of adding anything to the 
energy of the circuit. 

Coupling Continuous-current Machines in Series. — Series- 
wound dynamos maybe united in series with one SJiotherforthe 
purpose of doubling the electromotive-force. Thus two Brush 
machines, each working at 10 amperes, and each capable of 
working 6 arc-lamps, may be joined in one circuit with 18 arc- 
lamps in series. The only needful precaution is to see that 
the + terminal of one machine is joined to the — terminal of 
the other, precisely as with cells of the battery. Shunt- 
wound dynamoe may also be coupled in series, though tl 
arrangement is not good imless the two shunt coils are also pi 
in series with one another, so as to form one long shunt aero 
the circuit. Compound-wound dynamos may be connected 
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serieB with oce another. pit>vided the shunt parts of the two are 
connected as a sineie shunts which may extend simply across the 
two armaiunes double short-«hunt), or may be a shunt to the 
external cirvuit (double loog-shuntk, or may be a mixture of long 
and short shunt. The same considerations apply to more than 
two machines. The coupling of alternate-current dynamos is 
considers! in Chapter XXIV. 

Co^tpiing D^namoi in F\iraUeI, — Drnamop, to run well in par- 
allel without any special coupling devices, should have a falllDg 
characteristic see p. tl2\ for if the characteristic rises, then the 
machine yielding the greatest share of the current will have its 
rfectromotive-force increased thereby and will yield more and 
mor^ current until it takes all the load and drives the other 
machines as motors. If. on the other hand, the electromotive- 
force falls with an incr^^ase of current the load is automatically 
divided Wtvvet^n the machines. It is, of course, possible for 
a machine to have a rising characteristic when run at a perfectly 
constant sj^e^l. and yet througrh the slowing of the engines with 
increased load the characteristic of the combined plant may be a 
falling one. In such a case, where each dynamo is driven by a 
separate engine parallel working would be possible.^ 

Simple shunt machines always have a falling characteristic and 
therefore there is no great difficulty in running them in parallel 
a> i:. K--i i< •: -.r < !i .i lar^re !k\vle every day in central lightiuir 
St •.::■!:>. Jiw . . .• : :•!» .\uiio!i T.^ Iv taken is that, whenever an 
adait: r.a: •:>! .rv. » b.is t.»l^swit«^heii iniociiviiit. itsfiehl must be 
turne«i o::, x!^ i :: !r.i:>t Iv r\:i at full sj>eeii beforv its armature is 
swi:oh»Nl i!i:> • v-iiiitvtiMi with the mains, otherwise the current 
frvnu the niai!;s will flow back tlmnigh it and ovorp<^wer \he 
driving forvv.- 

Two st-rit-s •!> nciin^s oannoi l>o cvHipleil in parallel in a circuit 
witb.'Hit a slight i>a:ruigi»ment. otherwise they interfere. For. 
supj^'se one of tiiein :<> fall a little in speeil. so that the eleotnv 
m'nive-f«>nv of one maohiue is hiirher than that of the other 
maoliiue with which it is in parallel, the machine having the 
higher ele<nnMn«>tive fon^^e will then drive a current in the wrong 
direction through the other machine, reversing the polarity of its 

^ Say»^r«. Joum. /».<*. £"(**••. Eni*., xxiv. 137, ISlVi. 

'.See Biirstyn. in the Z* it,*''ftri/t fiir awjewnuflte Elecktricitatjtlehrr, 

1S61, p. :;.;•.*. aI>o Soii'!i.n (2*1 t^li:ion), p. 717 : L»^leboer. in La Lxum^r^ 

Elertri'i'i* , xxvj. 210. ivx7 : Meylan, in La Ltnui^re Ele^triffUf. xxvi. X:?*, 

^ : an«l Fnii-^npr. in Z* it.srhri/t fiir Elek(roterhnik\ 1SS7, lOS : ai*o 

of. Puffer in lfr})„A.^tj Qnartt-rly, \. 38<i, 1893. 8ee also the specif] 

Klc devised bv S. 6. Wheeler, U. S. Patent, Xa 3:i5.i48 of 1886. 
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field -maguets and driving it as a motor. To obviate this, 
Gramme made the suggestion that the machines should be 
coupled in parallel at the brushes as well as at the terminals. 
This 19 shown in Fig. 519. The terminals T, T,of one machine 
are respectively joined to Tj T, of the setwnd machine, and a 
third wire joins B, with B,. Triple- 
pole switches are convenient. 



both machines are doing precisely -J/( iSyjSi Q QQ/ t' 
equal work, there will be no current ^*-^; 



Flo. .'ilB.— CoppUNo OF 
Two Series Dvnabos 
IN Par&llel. 



equal v 

through til.' wire Bj B,. If either 
machine falls behind, part of the cur- 
rent from the other machine will 
flow through B, B, and help to main- 
tain the excitement of the magnets 
of the weaker machine. This effect- 
ually prevents reversals. Another 
method of coupling two series ma- 
chines is to cause each to excite the 
other's field magnetism. This eqUEil- 
izes the work between the two machines. 

Coupling of Compound Dytuinws in Parallel. — In working 
compound dynamo machines in parallel circuit, some difficulty 
has been found, on account of their tendency to behave in the 
same manner as series-wound machines. Mr. Mordey first 
pointed out that the difficulty might be overcome by connecting 
the parallel machines in such a way that not only are the shunt 
portions of the field magnets in parallel circuit, but the aeries 
circuits of the field magnets are also a shunt on one another ; in 
other worils, by connecting the brushes, as well as the terminals, 
in parallel circuit, precisely as Gramme has done for series- 
woimd machines. 

In Fig. 520, A, A, are the armatures of two compound dyna- 
mos, T, T, and T, T, are the terminals -. the wire Bi Bj acting in 
conjunction with the lead T, Tj on the left, puts the armatures in 
parallel. The dynamos should each be furnished with a switch 
a in the shunt circuit ; they should each also have a switch vi in 
their' main circuit Itetween the armature part and the point 
where the shunt circuit joins on, so that the armature part may 
be interrupted without interruptine the shunt circuit. The con- 
necting wire from brash to bnmh, which should be at least as 
thick as the mains, should al,'«) be furnished with a switch z. 
suppose dynamo No. 1 is at work alone, its two switches s m,, 
will be closed. If, now, dynamo No. 2 is to be thrown in, the 
wing order must be observed. First get up the speed of 
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N'ot only does this control exurt with ttiinilar compouod dyaa- 
moB. but it may be relied on when the dynamos are unlike 
8iiii>, power and speed. For instance, large and powerful ma- 
i-hiiies may be worked in parallel circuit with anialler nmcbinea 
of viiriniiH powers, itnd each vrill do its proper shore of the work. 
Thn pfnifltance of the serieB coil of each machine must, in thiB 
cane, he nrijufltcd no that the division of tJie current amon^ the 
foilut in in proportion to the powers of the machines. If tha 

BHwitch z is iiuriiianeritly kept closed the effect is to make tfafl 
itntion of the field of all the machines depend upon the total 
riic miithoil propOBMl by M. I.nlphoflr In Lo, Luinf^re Bltetrlque. htvU 
188T, U practlcKlly ldi-iitl(.'»l wllh llic above, 
: > 
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output of the station, and thus it is possible to compensate for a 
drop in volts which tabes place in the mains. 

The usual practice in English central stations, supplying con- 
tinuous current is to employ simple shunt dynamos regulated by 
hand. 

The parallel running of a! tern ate- current dynamos is consid- 
ered in Chapter XXIV. 

GKSERAL iNSTRtlCTIONS IN USE OT DyNAMOS, 

Position of Dynamo.— The place chosen should be dry, free 
frem dust and preferably where a cool current of air can be had. 
It should allow sufficient room for a belt of proper length, unless 
the dynamo is direct- driven. 

Fou,ivlaU(m». — It is most important to secure good foundations 
for every dynamo ; and if the dynamo is direct-driv^i, hut is 
not on the same bed-plate as the engine, a foundation large 
enough for both together should be laid down. Stone or concrete 
may be used, or brick built with cement, having a large thick 
stone bedded at the top. For small dynamos the holding-down 
bolts may be set with lead or sulphur in holes in the stone top ; 
but for large dynanios the bolts should be long enough to pass 
right down to the bottom, where they should be secured into iron 
plates built in. If long holeu are left in the foundations for the 
holding-down bolts, they Bhould be filled in with thin cement 
after the latter have been put in place. 

Sliding Rails.— All belt-driven dynamos ought to be provided 
with tightening gear to take up the slack. If the dynamo is not 
provided with sliding rails under its bed-plato, and tightening 
screws, the less desirable method of employing a tenting pulley, 
as in Plate JX., may be used. In any case the bed for the 
dynamo must be quite level, and its shaft set properly parallel 
with the driving pulley. 

Setting up. — Before setting up any dynamo or motor which haa 
been long unused, or has been exposed to changes of climate, 
it should be kept for a few daj's in a warm and dry plaue. For 
the insulation materials are liable to absorb damp that can only 
be slowly dried out. Nothing is more likely to cause a break- 
down than to attempt to run a machine that is not thoroughly 
dry. 

Before Startiiig. — Examine the dynamo before it is set running 
for the first lime. Remove caps of bearings and clean them and 
the journals. Replace them, hut do not screw up too tightly. 

; that lubricatore are filled, and the drip properly adjusted. 
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Bring the machine up to speed elowly, keeping a siiarp look-out 
for anything that may be wrong, and be ready to slow down at 
any instant. Do not raise a brush without having turned off the 
current unless there are two or more brushes side hy side. If the 
machine is shunt-wound it will at once excite itself, though the 
main switch is atill open. If the dynamo is for supplying glow- 
lamps, do not on any act-onnt turn on the main switch until you 
Bee whether the machine is giving the right volts, or you may 
ruin all your lamps. For if the speed is too high, the volts may 
be too high. A pilot lamp or a voltmeter will tell you it all is 
right. Then, before you turn on the main switch, observe the 
brushes to see if there is any sparking. If there is any sign of 
sparks, rock the brushes forward or backward till a sparklesa 
place is found. Not untU then should the main switch be turned 
and the lamps lit. 

Daily Attetition. — It is of the utmost importance to keep a 
dynamo scrupulously clean. A cotton rag should be used In 
preference to waete, as the latt«r leaves loose ends sticking to 
parts where it is objectionable. An aic-blast is used by the 
Westinghouse Co, for getting rid of dust. Besides daily lubrica- 
tion, attention must be given to the brushes to see if they require 
to be fed forward or trimmed. The conunutator should not be 
oiled, but only wiped with a clean oily rag or a piece of cotton 
cloth (not waste) smeared with vaseline. (This reservation does 
not apply to arc-light dynamos with specinl commutators wifh 
wide air-gaps, which maybe oiled freely,) Do not lot the oil 
creep on parts that do not require it. Oil is apt to spoil the in- 
flulating materials by rotting the varnish, and affording a lodg- 
ment for dirt and for the fine copper dust that flies from tlia 
brushes. Also, if oil gets to the commutator it will char under 
the brushes, forming a carbonaceous film between the commu- 
tator bars, inviting a short-circuit. This fault is less likely to 
occur when mica-insulation is used than when asbestos or paper 
ia employed. It hasheen observed that the brushes wear and heat 
unequally : the positive brush wearing faster than the negative. 
But this ia unimportant. If there is solder on the brushes, 
care should be taken that the soldered imrt should never be used 
for contact on the commutator ; it will set up flashing sparka. 

If the dynamo is driven from heavy shafting, so that there is 
no risk of turning backwards at starting or stopping, then tha 
brushes may always be left down on the commutator. Many 
dynamos will spark at full load imless the brushes are rocked 
forward beyond the point thai gave sparklesa running on open 



1 





hntTilj' it atD beooow aooKcd or X'liwulw*! np- U Ifaej' ptvn k 
fi^idjr, or if Ifcoe ■ lilaali^ tfaat caons theoa to jump, or if 
Umt ne allowed to apaxk, tke eoBBDOtalar wiB be worn awmTm 
fililm ■! IIm iiI|.i« iJbiiw irflliiilMiii. ■iiiliMi ilii i jiliiiilii'ilj 
oCoUliBe. TteoBlj Rmadj vlhiscBae is to csiefoDjr b 
«r n» it dovB tras : 1k» «lwid occur tot- laidy. 
Ib central iiIiiIjimm. aad m all caaia wkera rrtiabili^ of ■ 




—II imiimt and irmorcd. A daBr "— '*-**~- toit enoB i 
good tndicatiaQ o( the diyaeeB and j'IjmuHim^m cf tlio n 



I or DTSAK08.1 



At least foar-fiftlw ot the nriehaf and break-downs that occur 

with djBaaaa ariae fram cauata toon aUk tl lj within the pror< 

noe of the engineer than in that of the riectriaan. On theother 

hand, many of the ptechanical faatta that derelap Ibetoselres in 

the machine might bare beoi aTotded had the en^iBecr b««n pos- 

aeased of a better knowledge of the electzJc and magnetie condj- 

tiona wbtch obtain in the nmning of the machine. It is not often 

nowadays that aimatorea By to pieces. That dinstsr has od- 

dora oocvrred sinee good engineers took in hand the coastraetiao 

of dTnaskoa. Tbe points which it is difficntt fm- the ordinary 

engifwer to grasp are the roechaoical Btic e wfw on the copper con- 

ductora due to tbe magnetic 6eU. and tbe neoeset^ throuiEfaout 

of preaerring proper inawlation. AU inmlatkn beii^ mecban- 

icalljr bad. be ia apt, in attempting to giro mecjtaaieal strength. 

to oae the insulating materials in some way that ritiabes their 

> S«« paper b]r tfae aathOT in Elf^MH^n, sx.8S, tWI; wealtearticlMlB 

I MU-.trolffhnUrHf Z,UKhtffl, xL 188, 1S0D ; dn-trioi/ tTorU. zJt. », 

L ]ft(. ud Kiii. »Rt. \m\ ; Crocker aa<l Wbcefar. Prartimt IfnBnumiT </ 

■ JlynasHM and ifolort (Van Noatniini. X»w Tork): Lmnnte-l^Uenott, 

Vana)r«inmI</i^anio((CrotbjL')CkiruadaailSaa.Lianian); I^fttkhont, 

^*JHaeMe« ol Djmunos," TVoiu. Amrr, lnat. EUe. Aaf., IflM. 
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adequacy. For want of full electrical in formation he may apply 
the insulation in an erroneouB manner and produce a dynamo 
which will break down under the severe conditions of actual 

Buming-ojtt of Armatures. — Single coils of an armature some- 
times get heated to redness and burn the insulktion. Sometimes 
a whole armature will become overheated, producing a general 
charring. The latter case happens more often to the armatures of 
motors than to those of dynamos. For if any excesi^ive current is 
drawn by accident from a dynamo, the torque on the armature 
will generally become so great as to throw off the belt or pull up 
the engine. Whereas, with a motor, if the armature is jammed 
so that it cannot turn, an enormous current will continue to flow 
through it if the supply be not cut off. 

Short-circuits in Armatures. — A short-circuit in the armature is 
usually flrst brought to notice- by the smell of burning varnish. 
The machine should be shut down at once, and the armature felt 
all over with the hand. The short-circuited windingscan generally 
bo detected by their high temperature, even if the varnish is not 
visibly frizzled. If the greater pai-t of the armature is short-cir- 
cuited the fault ia not so easily located by the rise in temperature. 
If an independent source of current is available a very good plan 
ia to pass a strong current between two opposite bars of the com- 
mutator, and compare the drop in potential between the different 
pairs of bars. An intelligent application of Ohm's law will generally 
lead to the discovery of the fault or faults. For instance, we know 
that if the armature is perfectly sound the fall in potential on each 
Bide of the leading-Jn point will be the same, so that a galvanomelfr 
whose terminals areattached to commutator barB at equal distances 
on each sideof theleading-in point will show little or no deflection. 
As one passes from beu" to bar the occurrence of a great deflection 
will immediately point to a want of symmetry at that point. 
The oases that might arise are so numerous that it would be 
useless to attempt an exposition of all of them. The experi- 
menter must trust to his previous electrical training and the ap- 
plication of common sense. Where there are faults to the iron- 
work of the armature a current may be passed from one of the 
conunutator bars to the ironwork, and a similar investigation 
made of the drop in potential between different bars. Another 
method is to connect all the bars of the commutator together by 
winding wire round it and then passing a current from this wire 
to the ironnrork. The armature will become magnetized, the 
polee being in the vicinity of the faults. 




^■^^klrruit PI 



' 774 Dynamo- Electric Mcukittery. 

A shortrcircuit between an imperfectly insulated wire and the 
iroa core beneath it is n fruitful source of trouble. Kot that any 
one BUL-h cTontnct cnn of itself pmiluce any effect ; but that if there 
ia one such contact, then, if a fault occurs anywhere in the lamp 
circuit, there will nt once be developed a serious leak throiigli 
earth. Also the risk of sliock lo persona casually touching any 
purt of the circuit is greater if there is any single fault in the 
dynamo. Some finua — chiefly American ' — prescribe that the 
dynamo- frame itself should be insulated from the ground. The 
author's experience leads him to prescribe that the framework of 
tlie dynamo sliould, on the contrary, be carefully twnnected to 
enrth. If this b done, the risk of accident lo atteudants — which 
is considerable in the case of high-voltage machines insulateii 
from their bed — is reduced to a minimum. A contact between 
an armature conductor and the iron core may occur because of 
the iron laminae becoming loose and wearing through the layers 
of insulation. If the insulation is not waterproof and has got 
wet, it may break down when the machine is run. Sometimes 
armatures are destroyed by the burning of the insulation, by the 
overheating, not of the conductors, but of the iron core. In such 
casc« the core has not been properly laminated. The burning of 
binding wires, which occasionally occurs, ia due to want of com- 
pliance with the sufficient and necessarj- electrical conditions. 

Being pieces of running machinery, dynamosare liable, as all 
engines are, to heating of bearings, if proper attention is not paid 
to lubrication and to the avoidance of needless dirt. 

Fracture of Connfetiona. — This most annoying fault — the 
fracture of the connecting pieces which lead down from the 
armature conductors to the bare of the commutator — appears Us 
be partly mechanical and partly electrical. These connecting 
pieces pass through a partial magnetic field, and they carry at 
times strong currents, which are reversed twice in each revo- 
lution. Hence they are each racked by lateral forces as they 
rotate, and this incessantly repeated breaks them off at last. The 
cure is either to make them mechanically very strong, or of 
stranded material, or to arrange that they shall lie outside the 
waste Seld. 

Diseonnections in Armatvre. — Sometimes a disconnection oc- 
curs where the armature conductors or windings are coupled up 
or connected down to the commutator. The evidence of this is (i.) a 

' Tbe llglitning-artvsterB used on msny ilynainog in the States arc tbeio- 
selves a soaree of mishaps. If the dyDamo-frame is properly earthed there 
is no need of a llghtning-srresteron the dynamo. Ellieient Hghtning- 
sboiild be fixed outaide the dynamo-hDUse where the OTerheid 
ilrruit p 
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Bparkiiig that cannot be stopped by rocking the brushes forward 
or backward, and (ii.> one or more of the bars of the commutator 
appearing as if burned at the edge. One way ' of finding the 
location of auoh a fault ia to run the dynamo very slowly on short- 
circuit. Then after a few minutes' run stop the machine and see 
if any of the joints of the connectors are hot ; this vrill indifnte 
4 partial disconnection. If any entire coil ia found to be hot, that 
is evidence not of a disconnection, hut of a short-circuit. Any 
disconnected coil in an armature is very easily found by the fall 
in potential method mentioned above. If the fault cannot be 
remedied at once, and it is neceseary to run the machine, the bar 
belonging to the faulty coil may be connected to the succeeding 
bar by a blob of »older to stop the excessive sparking and preserve 
the continuity of the armature. 

Flata in the Commutator. — Occasionally one of the commutator 
segments will become burned away or worn down lo a lower 
level than the rest, or two adjacent bars may be similarly affected, 
causinga flat part on the cylindrical surface. Various suggestions 
have iieen offered to explain the origin of fiats. If one of the 
bars was of unusually soft copper itmight wear away faster ; but 
the occurrence is unlikely. A partial disconnection in the ar- 
mature at the part connected to the particular bar of the com- 
mutator will give rise to a spark here at every half -re volution, 
BO biting away this bar. ' Flats have been noticed also to spread 
along the bar from a flaw at one spot. 

Another undoubted cause of flats is a mechanically weak or 
defective means of driving. It an armature, attached by a three- 
legged spider, is mounted on a weak shaft that bends, it isipoe- 
sible that periodic vibrations may occur which will cause the 
brushes to jump and set up sparks at definite points around the 
commutator. With well- construe ted armatures, well-balanced 
and running without vibration, there is little fear of flats if the 
pressure of the brushes is sufficient. Whenever a bar of the 
commutator shows signs of burning along its ed^^, steps should 
at once he taken to prevent the development of a flat. A fine 
file should be applied to smooth the surface of the commutator 
in the neighborhood of the threatened spot. Or, if need be. the 

' Anotber way, applicable only to drnm armatures, Is due to Loomis 
(ElrclrUnl Enginefr, New York, December 1891}, and eonslBW inbolding 
tbe urauiture by liaod and slowly turuing il rouod against the torque white 
Bupplle«l with a nurem from aouie <>xrcrnal source. If a position is (oiiud 
wlii^re it Is easier lo tiim, it is clear tliat in tills position tlie disconnection 
slJips pftrt of the current, so tbst the fault ran at once be found by tracing 
the connectore which run from those luirs of the couiiuutAlor which an at 
the brushes In Ihla position. 
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of insiitation that might not occur in low-Toltage machines. If 
the two collecting rings are side by side on the shaft, a spark — 
or rather arc — may spring over from one to the other unless a 
high projecting washer of ebonite is interposed. The fleld-magnet 
is necessarily brought into proximity with conductors differing 
greatly in potential, and f;reat care is required to prevent these 
being short- oircui ted by arcs between them atid the pote-pieces. 
The peculiar racking action of the alternating current oti the 
armature coils (see p. S72) is rosponsible for many failures in this 
class of machine. 

VQrration and Noise. — Ebccessive vibration can only be due to 
want of proper balance in the rotating part. Vibration of a kind 
that may, nevertheless, be disastrous to the dynamo, racking its 
conductors, pounding its insulation to dust and causing the 
brushes to jump and spark, may be occasioned, even in a well- 
balanced machine, if it is not firmly secured to a proper foundation. 
Continuous-current machines should run practically silently ; 
the belt will make far more noise than any part of the dynamo. 
Alternators do not usually run silently, for the coils of cdl disk 
armatures chum the air between the poles. If the iron cores of 
the armature part are subjected to too severe a cycle of magnet- 
isation they will emit a loud hununing sound, which cannot be 
cured except by using the machine at alower degree of excitation, 
being a defect of design. Once the author came across a remark- 
able case of an alternator which emitted a sustained howling 
sound of piercing loudness. The cause in this case was the ac- 
cidental coincidence between the number of alternations and the 
natural vibration periods of some of the solid iron parts. It was 
ciireii by re-fitting the iron parts so as to alter the fulcrum from 
which the parta could vibrate. 
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OJV iVIHES. 

On p. 369 were given some data respecting the sizes of wire 
found suitable in pnictice for winding dynamos for different cur- 
rents. Other data are to be found in the detailed descriptions of 
various machines in other parts of this book. The question of 
heating in relation to current-carrying capacity was alsotreated 
in Chapter XVI. in some detail. 

A few fui'ther points may be Eidded here, founded upon infor- 
mation given by wire-makers, and in particular by the Loadoa 
EIei;ti'ic Wire Company. 

The usual insulation for round wires of n greater diameter than 
No. 16 S.W.G. is a double cotton covering which increases the 
diameter by amounts varying from 10 to 20 mils, but which 
usually averages 14 mils. For smaller sizes, from No. 18 to 
No. 22 S.W.G., the usual double-cotton covering is an addition 
of 12 mils. Square wire is usually double-cotton covered to 20 
mils additional, or is sometimes braided. Laminated square 
wire — i. e. made of a number of narrow strips, is usually braided 
to about an equal amount. Since stranded wires came in for 
armature winding, several modes of insulating hara been 
adopted, and one maker employs a cable of 37 wires, each No. 15 
S.W.G., each single cotton covered ; the whole being double- 
cotton covered to 16 rails additional, or braided to 30 mils. For 
transformer windings at high voltage a frequent practice is to 
wind a much thicker cotton insulation for subsequent immersion 
in oil. For example, a No. 23 S.W.G. wire is cotton covered to 
40 mils additional, thus nearly doubling the weight of the wire. 

Annexed is a table iiseful in magnet winding, showing the 
probable heating, and greatest permissible depth of winding at 
various amperages. It is to be remembered that 2000 amperes 
per eq. in. is a common density of current for field-magnets ; the 
density in armatures runs to 3000 or more ; whilst in trans- 
formers the amperage is as low as GOO or even 450 (see p. 371). 
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The foUowing ruloB wtiich have been given by,Kaiq[ft, are useful 
for preliminary calculations about depth of winding and weight 
of wire. If / is the length of wire in inchesy D the depth of 
winding-space in inches, X the ampere-turns <A ezdtation, P the 
perimeter in inches, and W the weight of the ooQ .in pounds, we 
have 

where a is a coefficient which depmds on the gauge of wire and 
thickness of its insulation. Also 



W 



-^Vi 



IIMM)' 



[.v.] 



where ;^ is a second coefficient varying with the gauge of wire. 

These two f ormukB are applicable to the case where a temper- 
ature-limit being imposed we aHow tk aquaro indtes xwr watt. 
If no such limit is imposed and a given expenditure of energy is 
assumed, it is more convenient to replace them by the following 
formulae : — 

X-r I VVn>^l\ [m.] 

[ip.] 



W — .) 



i~^ • 



1,000,000 D 

Tlie U nii;iiuiuerical coefficients then have the following values :— 



Diaiii. nf Bare Wire 
in milH. 



8. W. (4. 



40 
120 
200 



19 
lOi 



a. 



p. 



522 


O^a"! 


820 


0*195 


542 


0-520 


850 


0-2a5 


570 


0-615 


900 


0-246 



Another useful rule for e^ilculating wiring is that a copper wii-e 
I foot long, and 1 square mil (i. e. one-millionth of a square inch) 
in cross section has a resistance of 9*4 ohms, at a temperature of 
60^ Centig. 

Yet another set of rules is convenient when calculating the size 

of a round wire or rectangular strip which will carry any given 

current with a prescribed drop of voltage. 

Let C be the number of amperes the wire is to carry, r the 

("Op of volts permitted, I the length in feet, ^ the mean length 

r turn, in feet, S the number of turns in the coil, r the resist- 

3e in ohms, W the weight in pounds, A the sectional area in 
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square inches (if rectiingulnr), and d the diameter in inches (if 
round). Obviously r = t? -i- C. 

Then we have the following rules, in which the constants are 
chosen to suit a temperature of about 4(P (Centigi*a(h>). 



Round Wire. 



a--^ 8-43 I'A'^/ -^-10« 

V 

r— 11-75 ^^ -^ \yy^ 



Rectangular STKn\ 



A = 9-2^^^ — U»« 



r — g-S'*^^- — 10' 
A 

W — ;j-8o AS> 



APPENDIX H. 

yC^fERICAL STATISTICS OX ELECTRO-METALLURGY, 

The following data are useful for reference in deciding 
what the electrical capacity of a dynamo must be in order 
that it n)ay deposit metal in any desired quantity: — 

Current 1 aniiH.'ro (le^Kwits ()-(M)032(5 grammes |>er second. 
1 •' " OMnOoT ** l)er minute. 

1 ** ** 1*17:59 '• per hour. 

Mrs *' *' 1 kilogramme \wv hour. 

•* J>86'4 ** •*. 1 ixnmd |>er Iiour. 



To ileposit 100 lbs. of copper in a working <lay of 10 houi-s will reqnire 
3804 ampercH of current flowing all the time ; or, if conducted in ten baths 
in series with one another, will require :>S6*4 amperes, but in that case the 
dynamo will n»quire to be of an electromotive-force ten times as gn^at as for 
one single large bath. If electrolysis of the cruile copper solution iscarriwl 
on with carbon anode.s, there will be required about 1*2 volts for each bath 
in series, or, at most, 15 volts for the ten baths. 



Silver. 



Current of- I ampere deijosits 4*025 jiji'ammes per hour. 
4i jj2*7 ** '* 1 pound ixT hour. 



«« 
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Gold. 

Current of 1 ampere deposits 8*441 gxminiiieB per hour. 
185-8 '' *' 1 pomid par hour. 



•• •• 



Current of 1 ampere deposits 1-088 gFammes perhcmr. 

.« 412*6 «' •' 1 pound per hoar. 

The following statistics as to the various pressures and 
currents required in various processes of electroKlepositioQ 
are useful for reference : — 

Pkbssuke at Terminals RBQtnBED for Different 

K1ND8 OF Baths. 

Volts. 

Copper (acid baths) 0*5 to 1-5 

** (cyanide bath) 8 "5 

Silver 0-6 " 1 

Gold 0-5 " 4 

Brass 8 <« 5 

Iron (steel facing) 1 "1*8 

ITiokel «>n iron, steel* copper, witli nickel 
anode, strike deposit with 5 volts, diniinlbli- 

ingto *. 1-5 " 8 

Nickel on inm, steel, copper, with carbon 

aiuHlo 2 ** 4 

Nickel on zinc 4 *• 7 

Platinum 5 *- 6 



CriMJKNT Density for Proper Deposit. 

« 

Amperes per 
100 sq. inch. 

Copper Typing— 
Ik^t quality tough deposit. . ..' I'Sto 4 



Ciooil and tou^h (for cliches) 4 

(lood solid deposit 10 

Solid deposit, sandy at edges. 25 

Sandy and granular deposit 50 

Copper (cyanide bath) . . 2 

Zinc (for refining) 2 

saver 1 

Gold ..0-5 

Brass 8 

Iron (steel-facing) . . . . 0*5 

Nickel at first deposit 9 to 10 amperes per 
100 square inches, diminishing afterwaidsto 1 



10 

25 

40 

100 

3 

8 

8 

1 

8-5 

1-5 



<( 



APPENDIX C. 

FOUMH OF UPECIFICATIOIf. 

The following lints for drawing up Specificatioiis for 
tenders are intended to cover the points really necessary 
for securing fii-st-class machines without too elosely tying 
down the details. 

Specification of CoNxiNuors-cuBRKNT Dynasios. 

1. All the ffourj dynamos are to be of the same [bipolar] [shunt- 
wound] continuous- current type with ventilated [drum] arma- 
tures. All dynamos of the same size are to have correaponing 
parts interchangeable. E^ch dynamo is to he arranged to stand 
upon the same bed-plate as its engine, and to be driven direct 
from its crankshaft. 

i. [Two] of the dynamos are to be of [200] kilowatts normal 
output — viz, to give out normally [800] amperes at [230] volts, 
running at [350] revolutions per minute. The other [two] dyna- 
mos are to be of [50] kilowatts normal output — viz. to give out 
normally [400] amperes at 1125] volts, at [450] revolutions per 
minute. 

3. [Two] spare armatures must be suppUed, one of each size. 

4. The dynamos must be so constructed that when run at an 
absolutely constant speed, the terminal voltage, when the ex- 
citation is unchanged, shall not drop more than [5] per cent, from 
no-load to full load : and the shunt windings must be such that 
when all regulating resistance is cut out, the terminal volts at no 
load shall be [270] volts in the larger machines, [135] volts in the 
smaller machines, at normal speed. 

5. The dynamos are to carry their full loads without undnc 
healing, either from mechanical or electrical causes. The excess 
of temperature of any part of the nrmatiire or Held-magnet above 
the surrounding air is not to exceed 40° Centigrade when measured 
on bare copper or bare iron, after a continuous run of six hours 
with the maximum specified output. Each armature must he so 
constructed that a thermometer can readily be insert«d in it for 
ascertaining the temperature. 

B. A regulating resistance is to be provided for the shunt cir- 
cuit of each dynamo. Thife resistance is to be of either platinoid 
or German silver wire ; and its regulator switch must have n<it 
less than [25] contacts. Allowance must l)e made in the tender 
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^Bre conductors, the outer beuriiig, ami the proposeti airauge- 
nrifQtB of brush-holders, terminals and Uibricatora. They should 
also show the mode oE cairyuig the magnets upon the bed-plate 
of the combined plant. 

1 1 . Each dynamo when complete ia to be tested, either at the 
contractor's works, or at the statiou with its own engine. Tlie 
tests willincludeasix-hoiii's' continuous run under maximum load; 
and the conditions of thi» si>ecification as to output, regulation. 
temperature and efliciency will be rigidly enforced. 

In case the same contractor supplies both dynamos and engines, 
the following clauses may be added: — 

18. The combined efficiency of the dynamo and steam engine 
when undeftest must at least reach the following limits; The 
ratio of the electrical power as measured by standard amperemeter 
niid standard voltmeter at the terminals of the ilynamo, to the 
power developed by the engine as measured by au indicator of 
approved pattern shall be [86] per cent, for the [two] larger 
machines, and [82] per cent, for the [two] smaller machines. 

t;t. The fact that the dynamou may have satiefactorily passed 
the tests, if made at the contractor's shops, shall in no way lessen 
th« reeponsibility of the contractor for obtaining tlie like results 
after the machinery shall have been permanently erected in the 
station. The costs of thet«e tests are to be home by the contractor, 
and covered by this tender : and the tests are to be carried out to 
tho satisfaction and in the pi-esence of the engineer, 

SPKCIFltATlON OF ALTERNATORS. 

1 The Alternators are ti>lie of the [single-phnse] [separately- 
excil^d] type with (stationarj" | armatures and [revolving inulti- 
pfdar] field-inaguets, direct- driven. They are to be of the same 
sire, and to have corresponding parts strictly interchangeable. 
Each alternator is to be designed to stand upon the same bed- 
plate as its engine, and to be directly coupled to its crank shaft. 

2. [Four] alternators are required. They are to be of [1U5] 
kilowatts normal output, viz. ; to give out normally [50] amperes 
at [2I0ri] volts, running at [400] revolutions per minute. 

3. The alternators ai-e to work with a frequency of [60] periods 
per seconil ; and the combined plants must be capable of running 
continuously in parallel at all loads. 

4. The fleld-magnets of the all«niatoi-u must be so designed that 
the total energy absorbed in exciting the field-magnets of aiij- one 
alt«mator shall not exceed [2] kilowatts at full load: and they 

% become fully excib.'d when supplied at [800] volts. 
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5. Kegulating resiataiioca must be provided, one for each al 
nator, in the exciting circuits. The regulating resistance oEQ 
alternators must have a suflScieiit range to operate if exciter cd 
cuit varies from [2i)Il] and [350] volte. 

6. Special caro must bo taken in the design and construct ion '« 
tlu^ [revolving] field- magnets that Ibey shall be prr^perly balai 
thatundernocircumstancesof usiugshall theexcitiug coilsshift^ 
their places; and that all chance of either ashort-circuitor a dw-~ 
connection shall be made impossible. Duplicate brushes and 
brush-holders of Bub»tantial construction are to tie furnished to 
each slip-ring iu tlio exciting circuit; and the insulation of the 
exciting circuit in protected conduits must be very auWlantinl. 

7. The armature must be of such <^iin(<truetion that while o( 
great mechanical strength it admits of individual coils or groups 
of coils being readily replaced: whilst the armature as a whole 
must be accessible lor daily cleaning and iuKpectiou. Tlie ter- 
ininalH of the armature circuit must be specially well insulated, 
and protected against risk of contacts. 

K. The total drop in volts, at full load, when running on an 
onlinaryload of lamps or on a plain non-inductive reaislnnci-, 
must not exi-eed [201)) volts when the excitatidn is kept constant. 

9. The alteiiiators are to carry their full load without undue 
heating either from mechanical or electrical causes. The exce^ irf 
temperature above that of the surrounding air must not, in any 
part of the armature or field-magnet, exceed [lO] dog. Centig. 
aftera continuousrun of six hours under the maximum normal 
lund. 

10. The whole of the circuits are to be throughouli of copper, 
having a conductivity of not less tlmn 99 per cent, of TdjUthies- 
sen's standard : and the insulation shall be tlie best that can Iw 
pi-ocured. The insulation of the armature and of the field-magnet 
as between the copper conductors and the core or frame shall be 
such as to l>o capable of mechanically resisting being pierced by 
an electric spark at 4no(i alternating volts. 

11. Onesparesot of armature coils or sections is to be pro%-ided 
by the contractor. 

12. Drawings for approval showing in sufficient detail the jtro- 
posod constniction'of the alternators are to be submitted with the 
tender. The drawings should sliuw tlte magneticand mechanical 
construction both of field-magnetand of armature; the mode pro- 
posed for aeeuriugadequate insulation of armatureconductors; the 
proposed arrangements of the exciting circuit, slip-rings, and con- 
tact brushes, the mode of insulating the high-pressure t«nnin^; 
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th« Iwarings aiid proposed system of lubrication; the coupling,' of 
the shafts. 

13. E>ich alternator when completed is to be tested. citliiT nt 
the contractor's works, or at the station, with its own engini^. 
The tests will indtideasix-hours'coiitiauous run under maxim um 
load, and the cuiiditions of this specification as to output, regula- 
tion, insulation, tempernture, parallel working and efficiency will 
bf rigidly enfoived. 

In case the same contractor supplies the engines as well iis the 
alternatonn, th^ following clauses may be added ; — 

14. The combined efficiency of the alternator and engine when 
und^r test must at least reach the following limits ; the ratio of 
the electrical power an measured by standai-d wattinelcr at the 
terminals of the alternator, when working on .1 non-inductive 
load, to the power developed by the engine as measured by an iiv 
dicator of approved pattern, shall be [82| per cent, at full load, 
and shall be ITS] percent, at one-<iuarler kwd. The certificnte 
of [the Board of Tnnle] Hlmll be deemed a sufflclent guarantee of 
the correctness of the readings of the wattmeter. 

15. The fact that the alternators may have satisfactorily passed 
the tests, if made at the contractor 'ushopM, Khntlin nn way lessen 
the responsibility of the contractor for obtaining the like results 
after the machinery shall have been permanently erected in the 
station. The costs of these tests are to be borne by the cnntrairtor, 
and covered by this tender ; and the tests are to be ciirrietl out 
to the satisfaction and in the presence of the engineer. 



SPEriFK-'ATIoN »V TRiSSFoRMKR. 

1. The number of transformers reijuired is \%\x\. They are all 
to be of the [double-limb upright] type, having each an output of 
[20] kilowatts. The ratio of transformation is from (21(HJ| to 
[105| volts: and the normal current in the secondaiy circuit is 
[190) aini>eres ; buteach transformer must be culpable of working 
at a temporary maximum load of [3SI)| amperes without injur)', 
for a time not exceeding twenty minutes. The transformers to 
be wound for a freipiency of f60] periods per second. 

2. The cores are to be constructednf the best 8wixlish charcoal 
iron plates not exceeding [20 mils] in thickness, carefully annented. 
and coated with tough insulating varnish. The core-plates when 
bvilt Up are to be ititerleaved at the joints so as to form a com- 
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■ pl«te BM : cirotiil of uiiifomi section, and lit'ld tightly ^ 

together ay insulated bi.tlte. The asseinbled (wrcw tii Im ouvt-rwl 
with tape, varuisfaed with ahellac vnniish. nnd well-ltFikod ))f.>fni-t< 
the cuils are placr^i ii]Hin th«-ni. 

k:t. The primary and itoctrndary coils are to be of copper, having 
a conductivity of iinl lees than 99 per (.-atit. of Matthietstm':* 
fltaiidard. and arv t^' l>e'dmible-cottcn covered to a depth uf [30 
DiilK] and wound on Kepnrat« c-ouo<uitric cylinders of nxokeritiHl 

nipressed paper. A thin laypr of insulating material to be 
pllw^<Ml during winding betwewi every layer of wire, and in mfrh- 
tk>n a sheet of eboniU.- at least f 40 mils] thick to be interposed lie- 
twii-ii thfl psimary and Bec<>tidary ciiib. Tlie winding of thi.' two 
set^ondary coils to Iw such that both of the pnds that are to go to 
tlif two eecondnry tt'niiiiials nlinll be the euda of outside layvre. 

i< whoto of the insulation and mntcrialB Ufwd mitat be of the 
I fx^t quality. 

1. Tho rr«isfaini.^oH and current densities in the copper, an<l the 
flu3i -density in the iron. riu(«1 be such that tht^ transformer sh nit Im> 
capable of vrorkiog foranylengthof time at full normal load with- 
out overheating in any psrt, and on a nm of sixconseculivit hi>ui-« 
ill rii!lii>irnMl!o:..lsliall ii.a rw^'mnivlliaii [:.'■] 'I'-y. ''-■nlii;. ,il".v.. 
the temperature of the surrounding air. Normust the drop iti the 
voltage at the terminals of the secondary coil, from no load to full 
load, when the primary pressure is maintained constant at Ww 
primary terminals, exceed \\k\ volts when working on a non-in- 
ductive load. 

5. The coil ends are to be brought to well -ihsula ted terminal 
plates, inside tbe case and suitable terminal screws are to be pro- 
vided for attachment of high and low-voltage conductors. The 
case is to be of cast iron, closed by a suitable cast-iron cover 
rendered air-tight and water-tight by a rubber paq^ing. Metal 
glands bushed with ebonite are to be provided for both tbe low 
and the high-pressure conductors. 

ti. Drawings for approval showiog in sufficient detail the general 
construction of the transformers, and in particular the modes of 
securing the transformer in its case and of leading out the con- 
ductors, are to be submitted with the tender. 

7. Each transformer must have an insulation resistance between 
the primary and secondary windings of notices than JtS megohms; 
and before being tested at tbe works must be subjected between 
primary and secondary and between coils aiid core to an alternat- 
ing pressure of at least 4500 volts. After delivery at the station 
each transformer is to be teatM, tbe teste to include a bl* »"-•—' 
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continuous run at full normal load ; and the conditions of this 
8i>ecification as to output, ratio of transformation, regulation, 
temperature and efficiency will be rigidly enforced. 

8. The efficiency of each transformer when under test, and 
when warm after a continuous run of six hours, must at least 
reach the following limits : the ratio of the electrical output of 
ix)wer as measured by certified wattmeter at the secondary ter- 
minals, when working on a non-inductive load, to the input of 
power as measured by certified wattmeter at the primary ter- 
minals, at normal pressure and frequency, shall be [97J i)er cent, 
at full load and [93] percent, at one-quarter load. The certificate 
of [the Board of Trade] shall be deemed a sufficient guarantee of 
the correctness of the wattmeter used in these tests. 

9. The fact that the transformers may have satisfactorily passed 
these tests before delivery shall in no way lessen the responsi- 
bility of the contractor for obtaining the like results after the 
transformers shall have been delivered at the station. The costs 
of these tests are to be borne by the contractor, and covered by 
this tender ; and the tests are to be carried out to the satisfaction 
and in the presence of the engineer. 
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Dynamo (new) 4()4 
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efficiency of 195 
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Mining drill 546 

On efficiency of motors 491 , 492 
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Winding :M):J 
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Brush-holder , :125 
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Electro-plating dynamos 469 

Ring dynamo 163 

Silver, deixwition of TH:J 

Silver solder :{n5. 610 

Sine curve 37. 6*>. 54S. 55<). 553. 569. 713 

Sine-curve controversy 553. 569. 713 

Single-phase motors 687 

Shisfeflen — Self -exciting dynamo 10 

On theory of dynamo 19 

Size <»f dynamo in relation to output l<»s. :m), 377 

Size and output in relation to c(K)ling surface 376 

Skin-effect 57S 

Slater LeiPis* regulator 745 
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Sliding contacts 5. :r). 31'2. 326. :U<4. 475, 5H5. 630. 673 

Sliding niils 7<i9 

Slip in a«3'nchronous motors 666. 675. 67H. 679. 6H1 

Slip in monophase motoi*s 6hs. 691 

Slip-rings ((tee Sliding contacts) 

Slotted armature :U3 

Smithy Rev, F. J. — Method of mesisuring torque 1S5 

On work-measuring machines 755, 75<> 

Smith, Holroyd, his brush 3->1 

Smith, Willoughby, on homopolar dynamo 476 

flfnWi— Motors 533 

On horse-power of motors 531 
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Stray field 150, 153 

Stray power 106, 758 

Street-tramway generator 433 
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Strohf A,t constructs self-exciting dynamo 13 

Stromberg, on armature reaction 86 

Sturgeon — Machine and commutator 8, 33 

On magnetic circuit 115 

Wheel 483 

Summation of electromotive-forces 591 

Sunk windings 284, 286 

Surface of heat emission 373 

Surface windings 284 
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On armature compensation 389 

Dynamo designs 262 
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Temperature rise (see Healing). 
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Of multiplex armatures « . . « 272 

Of polyphase motors 667, 678, 686 
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Of transformers 700, 715 

Relation of, to characteristic. 207 

Triplex 273, 274 

Wires {see aUo Binding wires and Cores) 776 

Wire- wound armatures 298 

WoTrms de RomUly, on drum winding 15 

Wood's arc-light dynamo 465 

Wood {see also Insulating materials) 
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Woolrich's machine 8, 469 
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Bymotor 496, 501 
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